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INTRODUCTION 

The  RAD6  group  is  concerned  with  ‘post-replication’  error-free  and  error-prone  repair  (1).  The  RAD6  gene  encodes 
a  17  kDa  protein  (2)  which  is  one  of  a  group  of  ubiquitin  conjugating  (E2)  enzymes  (3)that  covalently  add  ubiquitin 
to  selected  lysine  residues.  The  RAD6  pathway  appears  to  be  regulated  by  posttranslational  modification  of  target 
proteins  with  ubiquitin,  which  commits  them  to  rapid  proteolysis.  The  RAD6  gene  of  Saccharomyces  cerevisiae 
is  required  for  a  variety  of  cellular  functions  including  DNA  repair,  induced  mutagenesis  and  sporulation  (4, 5).  rad6 
mutant  phenotypic  effects  include  slow  growth,  severe  defects  in  induced  mutagenesis,  extreme  sensitivity  to  UV, 
X-ray  and  chemical  mutagens  and  hypersensitivity  to  antifolate  drug  metabolites  (6,7).  The  diversity  of  the 
phenotypes  of  rad6  mutants  suggests  that  the  RAD6  gene  product  is  central  to  cell  cycle  regulation.  RAD6  is  highly 
conserved  among  eukaryotes.  Two  closely  related  human  Rad6  homologues,  HHR6A  and  HHR6B  (human 
homologues  of  yeast  RAD6),  encode  ubiquitin  conjugating  enzymes  (E2)  and  complement  the  DNA  repair  and  UV 
mutagenesis  defects  of  the  5.  cerevisiae  rad6  mutant  (8).  HHR6A  and  HHR6B  share  95%  identical  amino  acid 
residues  and  are  localized  on  human  chromosome  Xq24-q25  and  5q23-q3 1 ,  respectively  (9).  Inactivation  of  the  gene 
encoding  HR6B  in  mice  leads  to  male  sterility  (10). 

The  goals  of  our  IDEA  award  were  to  determine  whether  aberrant  activation  of  the  RAD6-mediated  stress 
response  pathway  is  responsible:  i)  for  the  ability  of  malignant  cells  to  resist  cytotoxic  chemotherapy  and  radiation, 
and/or  ii)  for  increased  aggressiveness  of  tumor  following  chemotherapy.  Aberrant  activation  of  the  Rad6  pathway 
can  potentially  contribute  to  these  phenotypes  by  increased  error-free  or  error-prone  translesion  bypass 
postreplication  repair  pathways.  Towards  understanding  the  role  of  Rad6  in  breast  cancer  progression  and  drug 
resistance,  we  had  proposed  to: 

1.  Compare  the  effects  of  wild  type  RAD6,  mutant  RAD6  (C88A)  and  antisense  RAD6  in  normal  and  metastatic 
human  breast  cancer  cells  with  respect  to  in  vivo  growth,  RAD6-associated  ubiquitin  conjugating  activity,  RAD6 
distribution,  sensitivity  to  chemotherapy  (cisplatin,  adriamycin,  and  radiation)  and  DNA  repair  efficiency. 

2.  Determine  whether  RAD6  expression  correlates  with  breast  tumor  stage  of  progression  and  p53  status. 

3.  Determine  whether  RAD6  expression,  patterns  of  distribution  and  activity  can  be  used  as  a  marker  to  predict 
response/resistance  to  chemotherapy. 

BODY  OF  PROPOSAL 

Tasks  proposed  in  Aims  1  and  2  form  the  basis  of  two  publications,  three  abstracts  and  a  submitted  manuscript. 

Publication  1. 

RAD6  overexpression  induces  centrosome  amplification,  abnormal  mitosis,  aneuploidy  and  transformation. 
Shekhar  P.V.M.,  Lyakhovich  A.,  Heng  H.,  Visscher  D.W.  and  Kondrat  N.  Cancer  Res.,  62:2115-2124, 2002. 

In  this  article,  we  have  a)  characterized  the  structural  and  functional  aspects  of  Rad6B  gene  in  normal  and  cancerous 
breast  cells,  b)  correlated  Rad6  expression  with  breast  tumor  stage,  c)  measured  ubiquitin  conjugating  activity  of 
Rad6  in  breast  cells,  d)  evaluated  the  consequences  of  Rad6B  overexpression  in  normal  breast  cells,  e)  evaluated 
Rad6  expression  and  distribution  during  mitosis,  f)  demonstrated  ability  of  Rad6-overexpressing  clones  for 
anchorage-independent  growth,  and  f)  demonstrated  importance  of  Rad6B  in  the  maintenance  of  genomic  stability. 

Publication  2. 

Supramolecular  complex  formation  between  Rad6  and  proteins  of  p53  pathway  during  DNA  damage- 
induced  response.  Lyakhovich,  A  and  Shekhar,  P.V.M.  Mol.  and  Cell.  Biol.,  23: 2463-2475, 2003. 

In  this  article,  we  have  discussed  a)  regulation  of  Rad6  gene  expression  by  DNA  damaging  agents,  viz.,  cisplatin 
and  adriamycin,  b)  interaction  between  Rad6  and  p53,  c)  regulation  of  Rad6-p53  interaction  by  DNA  damage- 
induced  response,  d)  effect  of  adriamycin  on  expression  and  localization  of  Rad6,  p53  and  Mdm2  in  normal  breast 
cells,  e)  differences  in  stability  and  longevity  of  G2/M  checkpoint  in  normal  and  metastatic  human  breast  cells,  f) 
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characterization  of  Rad6  ubiquitin  conjugating  activity:  mono-  versus  poly-ubiquitination,  and  g)  ability  of  Rad6 
to  monoubiquitinate  p53,  and  h)  DNA  damage-induced  P53  response  is  accompanied  by  an  increase  in  levels  of 
monoubiquitinated  p53. 

Submitted  manuscript 

Chemosensitivity  of  human  breast  cells  correlates  with  Rad6B  expression  and  postreplication  repair  capacity. 
Shekhar  P.V.M.  and  Lyakhovich  A. 

In  this  article,  we  have  demonstrated:  a)  Rad6  expression  is  maximal  during  late  S/G2  phase  of  cell  cycle,  b) 
induction  of  Rad6B  gene  expression  by  adriamycin,  c)  adriamycin-induced  Rad6B  gene  expression  is  primarily 
regulated  at  the  transcriptional  level,  d)  overexpression  of  Rad6B  gene  confers  resistance  to  cisplatin  and 
adriamycin,  e)  depletion  of  Rad6B  causes  extreme  sensitivity  to  cisplatin  and  adriamycin,  f)  DNA  damage-induced 
response  is  accompanied  by  redistribution  of  Rad6  to  the  chromatin,  and  g)  Rad6B-overexpressing  human  breast 
cells  are  postreplication  repair-proficient  as  opposed  to  Rad6B-depleted  cells  that  are  postreplication  repair- 
compromised. 

In  vivo  characterization  of  Rad6B  transfectants  in  nude  mice.  This  experiment  has  been  initiated  in  June  2003 
and  is  expected  to  be  completed  in  September  2003.  Completion  of  this  aspect  was  delayed  due  to  unforseen 
circumstances  that  included  changes  in  personnel  and  personal  reasons.  The  latter  involved  making  emergency  trips 
overseas  to  take  care  of  ill  and  convalescing  parents  followed  by  an  emergency  trip  upon  demise  of  my  parent. 

Method.  Nude  mice  were  injected  in  the  mammary  fat  pads  with  1  x  10’  cells  suspended  in  Matrigel.  The  following 
cells  were  injected:  MCFIOA  cells  stably  transfected  with  empty  vector  pCMV-neo,  and  three  stable  clones  of 
MCFIOA  cells  expressing  exogenous  Rad6B  gene.  Clones  1  and  5  express  ~  30-50  -fold  higher  levels  of  Rad6B 
as  compared  to  vector  control,  and  clone  2  expresses  approximately  similar  levels  of  Rad6B  as  compared  to  vector 
controls.  Lesions  will  be  harvested  (if  present),  and  portions  of  the  lesions  will  be  fixed  in  formalin  and  paraffin- 
embedded  for  histological  analysis,  and  remaining  portions  digested  with  collagenase  for  recovery  of  cells  that  will 
be  used  for  evaluating  expression  levels  of  Rad6  and  sensitivity  to  chemotherapeutic  drugs.  Results  from  in  vitro 
assays  (Rad6  expression  and  drug  sensitivity)  will  be  correlated  with  the  morphology  and  histotypes  of  lesions 
produced,  expression  levels  and  distribution  of  Rad6,  and  expression  and  distribution  of  Radi 8,  p53,  PCNA  and 
Mdr-1  P-glycoprotein  in  the  lesions.  Since  MCF10A-Rad6B  clones  1  and  5  exhibit  anchorage-independent  growth 
and  show  aneuploidy,  results  on  their  ability  to  grow  in  vivo  as  a  function  of  Rad6B  levels  are  expected  to  yield 
intriguing  information. 

RaddB  overexpression  induces  loss  of  cell  polarity.  A  striking  consequence  of  constitutive  Rad6B  overexpression 
in  normal  human  breast  epithelial  cells  is  generation  of  multinucleated  cells,  centrosome  amplification,  abnormal 
mitosis  and  aneuploidy.  Our  data  suggest  that  multinucleated  cells  arise  from  1)  abnormal  mitosis  accompanied  by 
defective  cytokinesis,  and  2)  cell-cell  fusion.  In  order  to  identify  the  molecular  changes  that  perhaps  contribute  to 
genomic  instability  of  Rad6B-overexpressing  clones,  we  performed  cDNA  array  analysis.  mRNAs  from  vector- 
transfected  MCFIOA  cells  and  MCF10A-Rad6B-overexpressing  clone  5  cells  were  reverse  transcribed  in  the 
presence  of  [a-^’P]-dCTP  and  hybridized  to  Atlas  human  cancer  arrays  (Clontech,  Palo  Alto,  CA).  The  cancer  arrays 
contain  cDNAs  for  DNA  repair,  cell  cycle,  intermediate  filaments,  apoptosis,  G-proteins,  adhesion  proteins,  invasion 
and  metastasis,  and  growth  regulators  (signal  transduction).  The  membranes  were  analyzed  with  Atlas  2.0  software. 
Table  1  shows  the  results  of  differential  expression  of  genes  between  MCFlOA-neo  and  MCF10A-Rad6B  clone  5 
cells.  It  is  interesting  to  note  that  the  analysis  revealed  differential  expression  of  several  markers  that  have  been 
reported  to  influence  cell-cell  interactions  at  the  cell  membrane.  In  particular,  alterations  in  the  Wnt  signaling 
pathway  appear  to  be  an  important  feature  in  cells  overexpressing  Rad6B.  The  validity  of  the  markers  identified  by 
cDNA  array  analysis  was  tested  by  Western  blot  analysis  to  determine  if  differences  in  mRNA  levels  reflected 
similar  differences  in  steady-state  levels  of  these  proteins.  Specifically,  levels  of  E-cadherin,  P-catenin,  APC,  RhoA, 
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Table  1.  Analysis  of  differential  gene  expression  in  MCF10A  versus 
MCF10A-Rad6  ceiis  by  cDNA  expression  array  (Atias  Human  Cancer  Array). 


5-1  OX 

keratin  1(epiclermolytic  hyperkeratosis) 

Dissheveled  homolog  1  (segment  polarity  protein) 
cell  division  protein  kinase  (CDK4) 
cdc2-related  protein  kinase  PISSLRE 
CD40  receptor  associated  factor  1 
ubiquitin  conjugating  enzyme  (HHR6A/B) 

2-5X 

cdc42  GTPase 

nm23H1 

nm23H2S 

integrin  p-8  precursor 
cysteine-rich  FGF  GLG1 
cell  division  protein  kinase  6 
G1/S  specific  cyclin  D1  (CCND1) 

APC 

rho-associated  protein  kinase  p160ROCK 
cdc2-related  protein  kinase  CHED 
ninjunn-1 

laminin  3  kDa  receptor 

tyrosine-protein  kinase  receptor  tyro3  precursor;  rse,  sky,  dtk 
cyclin  H  (CCnH1);  m015  -associated  protein 
desmocollin  3  +  desmocollin  4 
VEGF 

G2/mitotic  specific  cyclin  G1  (CCNG1) 

cell  division  control  protein  2  homolog  (cdc2);  p34  protein 

caveolin-2 

caspase  10  precursor 
cadherin  precursor-2 
cadherin  -4  precursor 
cadherin-6  precursor 
cadherin-11  precursor 
cadherin-12  precursor 
wnt-5a 

Dissheveled  3 
EGFR 

replication  factor  C  38  kDa  subunit  (RFC38) 
p-catenin 


MCF10A-  MCF10A- 
Rad6  Neo 

7.2  t 

8.7  t 

6.8  t 

6.2  t 
7t 
6t 


4i 

4t 

34, 

4t 

4.7  t 
4.9  t 

3.7  t 

3.8  t 
3.7 1 

3.8  T 
3.4  t 

3.4  t 
3.3  t 

3T 

3t 

3t 

3t 

2.9  t 
2.3 1 

2.5  T 
2t 
4t 
2t 

1.5  t 
2t 
3T 
2t 
2i 

1.9 1 

2i 


cdc42-GTPase  and  Rad6  were  examined.  Results  of  Western  blot  analysis  revealed  that  MCF10A-Rad6  clone  5 
cells  expressed  ~  50-,  2-,  and  7-fold  higher  levels  of  Rad6,  E-cadherin,  and  APC  proteins  as  compared  to  vector 
controls.  However,  no  significant  differences  in  steady-state  levels  of  P-catenin  and  cdc42-GTPase  proteins  were 
detected  by  Western  blot  analysis  (Fig.  1).  Expression  and  distribution  of  Rad6,  p-catenin,  RhoA,  RhoC  andcdc42- 
GTPase  proteins  were  examined  by  immunofluorescence  staining.  Results  in  Figs.  2  and  3  show  that  Rad6B 
overexpressing  MCFIOA  cells  not  only  express  higher  levels  of  RhoA  and  RhoC  proteins  but  also  show  high  levels 
of  RhoA  and  RhoC  in  the  nucleus.  That  Rad6B-overexpressing  cells  express  not  only  display  higher  levels  of  total 
RhoA  but  also  contain  high  levels  of  RhoA  in  the  nucleus  was  confirmed  by  affinity  pull-down  (Rhotek  beads)  of 
total  cell  extracts,  and  fractionated  cytosolic  and  nuclear  extracts  from  vector  control  and  Rad6B-overexpressing 
MCFIOA  cells  (Fig.  4).  These  data  also  showed  that  majority  of  RhoA  present  in  the  nucleus  of  Rad6B- 
overexpressing  cells  are  in  their  active  GTP-bound  state  (data  not  shown).  Rho  family  of  GTPases,  including  RhoA 
has  been  implicated  in  establishment  of  epithelial  planar  polarity  in  Drosophila,  a  process  mediated  by  the  receptor 
Frizzled  (Fz)  and  Wnt  signaling  pathway  (11).  Our  data  on  nuclear  RhoA  signaling  have  formed  the  basis  of  two 
grant  applications  submitted  by  our  collaborator  (see  Reportable  outcomes). 

Consistent  with  Western  blot  data,  no  differences  in  cdc42-GTPase  were  observed  between  vector  control 
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^dRad6B-oveiexpiessingMCF10Acells(datanot  shown).  Similar  detection  of  P-catenin  by  immunofluorescence 
staining  revealed  dramatic  differences  in  levels  and  distribution  pattern  of  P-catenin  between  vector  control  and 
Rad6B-overexpressing  cells  (Figs.  5  and  6).  Whereas  majority  of  P-catenin  circumscribed  the  cell  membranes  of 
vector  controls,  P-catenin  staining  was  diffuse  and  pervasive  (Figs.  5  and  6),  present  in  perinuclear  and  nuclear 
compartments,  and  associated  with  crinkled  cell  membranes  in  Rad6B-overexpression  MCFIOA  cells  (Fig.  5). 

Detection  of  loss  of  cell  polarity  in  Rad6B-overexpressing  clones  of  MCFIOA  cells.  Vector  control  or  Rad6B- 
overexpressing  MCFIOA  cells,  clones  1  or  5  (100  x  10^  cells)  were  suspended  in  Matrigel  and  plated  in  8-well 
chamber  slides.  At  5  days,  the  Matrigel  plugs  were  recovered  from  the  chamber  slides,  fixed  in  buffered  formalin 
and  paraffin-embedded.  Sections  (6  ^m)  were  analyzed  for  morphology  and  expression  of  Rad6,  P-catenin,  E- 
cadherin,  RhoA,  PCNA,  and  Epithelial  mucin  antigen  (EMA)  by  H&E  staining  and  immunohistochemistry, 
respectively.  Whereas  three-dimensional  spheroids  (acinar  structures)  formed  by  vector  control  MCFIOA  cells 
display  polarized  oraganization,  contained  fewer  cells,  and  showed  the  presence  of  (or  the  beginning  of  formation) 
of  central  lumen  (revealed  by  EMA  staining),  spheroids  formed  from  Rad6b-overexpressing  cells  displayed  loose 
clusters  of  nonpolarized  cells  with  irregular  or  absence  of  central  lumen  (Fig.  7).  High  levels  of  Rad6  expression 
were  observed  in  the  nuclei,  combined  with  higher  levels  of  E-cadherin,  P-catenin,  PCNA  and  RhoA  in  Rad6- 
overexpressing  clones  as  compared  to  empty  vector-transfected  MCFIOA  cells  (Fig.  8, 9  and  10). 

The  integrity  of  epithelia  relies  upon  formation  and  organization  of  epithelial  cell  junctions,  and  c  ell 
junctions  often  become  disrupted  as  tumors  progress.  Cell  junctions  can  be  divided  into  several  classes,  tight 
junctions  establish  the  ion  conducting  channels  and  apical/basal  sorting  of  epithelial  cell  layers,  desmosomes  link 
cell  junctions  to  the  intermediate  filament  network  and  adherens  junctions  provide  a  link  to  the  actin  cytoskeleton 
(12,13).  Adherens  junctions  consist  of  membrane-spanning  cadherin  molecules,  whose  cytoplasmic  domain  interacts 
with  P-and  y-catenin.  a-catenin  is  recruited  to  adherensjunctions  through  its  interaction  with  P-catenin  and  links 
adherens  junctions  to  the  actin  cytoskeleton.  The  Rho  family  of  cytoskeletal  regulators  play  a  critical  role  in  the 
maintenance  of  adherens  junctions  (12,13).  Our  results  suggest  that  increase  in  cell-cell  fusion  (and  genomic 
instability)  induced  by  imbalances  in  Rad6B  levels  in  normal  MCFIOA  human  breast  epithelial  cells  probably  arise 
from  alterations  in  Wnt  and  Rho  signaling  pathways,  mechanisms  that  have  been  implicated  in  regulation  of 
adherensjunctions  and  maintenance  of  epithelial  cell  polarity. 

Aim  3.  In  order  to  determine  if  expression  pattern  of  Rad6  can  be  used  singly  or  in  combination  to  predict  response 
or  resistance  to  chemotherapy,  we  retrospectively  obtained  pre-  and  post-treatment  tissue  samples  from  patients  with 
locally  advanced  (clinical  stages  HE  and  m)  or  limited  Stage  IV  breast  carcinoma  who  received  preoperative 
chemotherapy  containing  adriamycin,  taxol  or  taxotere,  followed  by  surgical  excision  (mastectomy  =  24; 
lumpectomy  =10)  at  Harper  Hospital  in  the  Detroit  Medical  Center,  Detroit,  MI.  Twenty  four  patients  met  these 
criteria. 

Treatment  response.  Treatment  response  was  based  on  the  change  in  bi-dimensional  tumor  size  (surface  area)  in 
the  breast  from  the  initial  clinical  examination  to  the  surgical  specimen  examined  macroscopically  and 
microscopically.  Clinical  response  was  classified  as  complete  (CR)  if  no  palpable  mass  is  present  at  the  tumor  site, 
partial  response  (PR)  if  the  tumor  response  decreased  50%  or  more,  and  no  response  (NR)  if  no  change  was 
observed.  Pathologic  response  is  based  solely  on  the  surgical  specimen  and  is  classified  as  complete  response  (CR) 
if  no  tumor  is  found  microscopically  in  the  breast  or  axilla,  partial  response  (PR)  if  tumor  cells  showed  marked 
chemotherapy  response  with  only  minimal  microscopic  tumor  involvement,  and  no  response  (NR)  otherwise. 

Immiinnhistnphftmisf  ry  and  interpretation.  Tissues  were  fixed  in  10%  buffered  formalin  and  paraffin  embedded. 
Four  micron  thick  sections  were  cut  and  mounted  on  gelatin  coated  slides.  Deparaffinized  tissue  sections  were  then 
immunostained  with  antibodies  to  Rad6,  p53  (D07),  PCNA,  Mdr-1  and  Radl8.  Radl8  has  been  recently  included 
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in  the  study  as  Rad6  forms  heterodimers  with  Radi 8,  and  complexing  with  Radi  8  has  been  reported  to  be  important 
for  DNA  repair  function  of  Rad6  (14).  Following  reaction  with  primary  antibody,  tissue  sections  were  washed  and 
Incubated  with  the  appropriate  secondary  antibody.  Sections  were  washed,  color  developed  with  chromagen  from 
the  Vector  ABC  kit  (Vector  Labs),  and  counterstained  with  hematoxylin.  All  immunostains  were  reviewed  by  two 
pathologists  (Dr.  Dan  Visscher  and  Dr.  Nat  Pemick).  Interpretation  was  based  on  the  target  site  of  staining  nuclear 
(p53,  PCNA),  cytoplasmic  (Rad6)  or  nuclear  plus  cytoplasmic  (Rad6),  or  cell  membrane  (Mdr-1).  The  frequency 
(<5%,  5-30%,  30-60%,  >60%,  >90%  of  tumor  cells)  and  strength  (strong ,  +++;  moderate,  ++;  weak,  +;  or  negative, 
-)  of  immunostaining  was  determined.  Samples  were  deemed  immunoreactive  for  Rad6  if  >30%  of  tumor  cells 
stained  in  cytoplasm  or  nucleus.  Samples  were  deemed  positive  for  p53  if  >5-10%  of  nuclei  of  tumor  cells  stained 
for  p53.  There  was  inadequate  tissue  available  on  some  of  the  pre-treatment  core  biopsies.  Both  pre-  and  post¬ 
treatment  samples  were  immunostained  for  Rad6,  p53,  PCNA  and  Mdr-1.  Change  in  expression  is  defined  as  a 
difference  in  immunostaining  in  nuclear  versus  cytoplasmic  (for  Rad6),  or  as  a  difference  of  at  least  2  frequency 
levels  (i.e.,  5-30%  to  >60%  for  p53,  Rad6,  PCNA  or  Mdr-1)  or  a  change  in  interpretation  from  positive  to  negative 
or  negative  to  positive. 

Results.  Results  from  staining  with  Rad6,  p53,  PCNA  and  P-glycoprotein  Mdr-1  antibodies  and  treatment  outcome 
are  shown  in  Table  2.  Statistical  analysis  of  data  are  being  carried  out  by  Biostatistics  Core  Facility  of  Karmanos 
Cancer  Institute  and  is  expected  to  be  completed  by  the  end  of  August,  2003. 


Table  2.  Expression  ofRad6,  p53,  PCNA  and  P-gp  Mdr-1,  and  treatment  outcome  in  pre-  and  post-neoadjuvant 
chemotherapy  cases 


Case  # 

Rad6 

P53 

PCNA 

p-gp 

Response 

Nuclear  Cytoplasmid 

Nuclear 

Clinical  Pathologic 

lA 

+ 

++ 

++  (10-30%) 

+ 

+  /-  to  + 

PR 

IB 

- 

+ 

-  to  + 

+  (60%) 

to  +/- 

NR 

2A 

+ 

++ 

+/-  to+(5-10%) 

+  to  ++ 

NR 

2B 

- 

+++ 

+/-  to  +++ 

++  (60-90%) 

+  to  +++  ‘ 

NR 

3A 

+/- 

+ 

— 

- 

PR 

3B 

++ 

+ 

+  (<5%) 

+/-  to  +(5%) 

+  to  ++ 

CR 

4A 

No  tissue 

PR 

4B 

+/- 

+/- 

-  to  +/-  {<5%) 

+/-  (5-30%) 

+  to  ++ 

PR 

5A 

+  /- 

+/- 

_ 

_ 

CR 

5B 

+++ 

++ 

- 

- 

++  (>50%) 

CR 

6A 

+  to  ++  (5-10% 

+  /- 

PR 

6B 

+/- 

-  to  ++ 

-  to  +  (30- 

+  to  ++ 

PR 

60%) 

(>90%) 

7A 

No  tissue 

CR 

CR 

7B 

++  (>90%) 

+ 

- 

+/-  to  + 

+  to  ++ 

(60%) 

(60-90%) 

1 

8A 

No  tissue 

NR 

8B 

_ 

++ 

+ 

++  (60-90%) 

+  /-  to  + 

NR 

(90%) 

(5-30%) 

9A 

minimal  t i s  sue 

NR 

9B 

+ 

++ 

- 

++  (>90%) 

+  to  ++ 

NR 

(>90%) 

(10-30%) 
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■ 

++  (60-90% 
+/-  (>90%) 

)  ++ 

+/-  (30- 
60%) 

+  (30-60%) 

+/-  to  + 

PR 

NR 

llA 

IIB 

++  (>90%) 

-  +/- 

(diffuse) 

+ 

+/-  (only 
focally  5- 
30%) 

+  to  ++ 
(50%) 

PR 

PR 

12A 

12B 

+  + 

(focally 
positive  5-30%) 

++  ++ 

-  to  + 

+  (>60%) 

+/-  to  + 

PR 

PR 

HyUHl 

No  tissue 
-  to  +/-  -  to  +/- 

(60-90%) 

-  to  + 
(60-90%) 

+  to  ++ 
(60-90%) 

+  /-  to  + 

PR 

PR 

14A 

14B 

No  tissue 
+  (10-30%)  ++ 

(30-60%) 

+  /- 

+  (5-30%) 

+ 

(5-30%) 

PR 

NR 

15A 

15B 

+  (>10%) 

+  to  ++ 
(90%) 

-  to  + 

++ 

(60-90%) 

+  (60%) 

+  to  ++ 
(>60%) 

+  to  ++ 
(50%) 

NR 

NR 

16A 

16B 

No  tissue 
++  to  +++  ++ 

(>60%) 

- 

- 

+  to  ++ 
(50%) 

CR 

PR 

17A 

+  (60-90%) 

+/- 

+  (5%) 

17B 

+  to  ++ 
(60-90%) 

- 

+  to  ++ 
(90%) 

+ 

(10-30%) 

PR 

PR 

18A 

-  (tumor) 

+  (stroma) 

- 

- 

18B 

++  to  +++ 

++  (60-90%) 

++  (60-90%) 

++  (60-90%) 

PR 

NR 

19B 

++  +  (60-90%) 

(apoptotic  nuclei) 

+/- 

++  (60-90%) 

+  to  ++ 
(5-30%) 

PR 

PR 

20B 

-  to  +  ++ 

(>90%)  (>5%) 

++  (60-90%) 

+/-  to  + 
(30-60%) 

+  /-  to  + 
(5-30%) 

NR 

NR 

2  IB 

++  +  to  ++ 

(focally)  (>90%) 

- 

+  to  ++ 
(60-90%) 

+  to  ++ 
(60-90%) 

PR 

PR 

A,  represents  pre-treatment  cores;  B,  represents,  post- treatment  samples. 


In  situ  hybridization  analysis  of  Rad6B  mRNA  expression.  Since  the  antibody  used  for  detection  of  Rad6  protein 
cannot  distinguish  between  Rad6A  and  Rad6B  homologues  that  are  ~97%  similar,  we  will  perform  in  situ 
hybridization  analysis  using  antisense  Rad6B  specific  RNA  probe.  TA-cloning  vector  containing  a  250  bp  Rad6B- 
specific  sequence  just  upstream  of  the  first  ATG  codon  will  be  transcribed  in  the  sense  and  antisense  directions 
using  T7  and  Sp6  specific  RNA  polymerases  and  digoxigenin-labeled  UTP.  Tissue  sections  recovered  from 
specimens  with  complete,  partial  and  no-response  will  be  hybridized  with  antisense  and  sense  (negative  control) 
RNA  probes,  washed  and  presence  of  hybridizing  signals  detected  following  incubation  in  HRP-conjugated  anti- 
digoxigenin  antibody.  Evaluation  of  data  from  immunohistochemical  and  in  situ  hybridization  analysis  will  confirm 
the  therapeutic  utility  of  Rad6B  for  predicting  response/resistance  to  chemotherapeutic  drugs. 
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Promoter  analysis  of  Rad6B  gene.  Since  we  have  reported  differences  in  levels  of  Rad6B  mRNA  expression  levels 
between  normal  and  cancerous  human  breast  cells,  we  have  begun  to  characterize  regulatory  sequences  in  the  5 
UTR  of  the  Rad6B  gene.  Luciferase  reporter  plasmids  encoding  various  lengths  of  5'  UTR  have  been  subcloned  into 
pGL3-Basic  vector  and  expression  of  luciferase  in  control  (basal)  and  adriamycin-treated  MCFIOA,  MCF-7  and 
MDA-MB-231  cells  are  examined  by  transient  transfection  assays.  Data  will  be  analyzed  to  see  if  i)  there  are 
differences  in  basal  activity  between  normal  and  cancerous  cells,  and  ii)  there  are  differences  in  sensitivity  and 
regulation  by  adriamycin.  After  initial  analysis,  a  more  refined  series  of  constructs  will  be  made  to  further  define 
the  key  regulatory  sequences  and  the  transcription  factors  that  control  promoter  activity.  Using  SSCP  analysis,  we 
have  found  that  only  one  of  the  alleles  of  Rad6B  is  transcribed  in  normal  and  cancerous  human  breast  cells.  We  are 
in  the  process  of  determining  if  methylation  plays  a  role  in  silencing  of  one  of  the  alleles,  as  the  Rad6B  promoter 
contains  a  trinucleotide  tract  of  CpG  repeats  that  exhibit  slight  variations  in  length  among  various  breast  cell  lines. 
Examination  of  mechanisms  regulating  transcriptional  and  posttranscriptional  control  of  Rad6B  gene  in  human 
breast  cells  is  the  basis  for  a  grant  application  that  has  been  submitted  to  NIH. 

KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Rad6  expression  levels  are  low  and  predominantly  cytoplasmic  in  normal  and  nontumori genic  breast  tumors  and 
cell  lines,  whereas  Rad6  levels  are  high  and  predominantly  nuclear  in  tumorigenic  and  metastatic  breast  tumors  and 
cell  lines. 

2.  Rad6B  mRNA  is  wild  type  and  no  significant  differences  in  ubiquitin  conjugating  activity  are  observed  between 
normal  and  cancerous  mammary  cells. 

2.  Constitutive  overexpression  of  Rad6B  in  normal  breast  cells  induces  multinucleation,  centrosome  amplification, 
abnormal  mitosis,  aneuploidy  and  confers  ability  for  anchorage  independent  growth. 

5.  Rad6B  forms  supramolecular  complexes  with  p53  and  proteins  of  the  p53  pathway  following  exposure  to  DNA 
damaging  drugs. 

6.  Rad6B  functions  in  monoubiquitination  of  p53  and  inclusion  of  Mdm2  is  essential  for  its  polyubiquitination. 

7.  DNA  damage-induced  p53  response  is  accompanied  by  increase  in  monoubiquitinated  p53. 

8.  Rad6  expression  is  maximal  during  late  S/G2  phases  of  the  cell  cycle  in  normal  MCFIOA  cells. 

9.  Using  in  vivo  cross-linking  experiments,  we  have  shown  that  majority  of  Rad6  present  in  the  nucleus  is  not 
associated  with  chromatin  in  untreated  MCFIOA  cells.  However,  upon  exposure  to  cisplatin  or  adriamycin,  majority 
of  Rad6  is  redistributed  to  the  chromatin.  In  cells  exposed  to  the  DNA  damaging  agent,  P53,  PCNA,  Radi  8  and 
Rad6  are  found  to  be  associated  with  the  chromatin  in  the  same  fractions. 

10.  MCFIOA  cells  stably  overexpressing  ectopic  Rad6B  exhibit  resistance  to  adriamycin  and  cisplatin.  This  ability 
to  tolerate  DNA  damage  correlates  with  its  ability  to  convert  nascent  strands  of  DNA  in  damaged  cells  to  high 
molecular  weight  DNA  (Post  replication-repair  proficient).  MCFIOA  cells  expressing  antisense  Rad6B  are 
hypersensitive  to  DNA  damaging  drugs.  These  cells  are  deficient  in  their  ability  to  convert  nascent  DNA  strands 
to  high  molecular  weight  DNA  (PRR-deficient). 

11.  Preliminary  data  suggest  that  the  strength  and  frequency  of  nuclear  Rad6  expression  relative  to  cytoplasmic 
reactivity  when  used  in  conjunction  with  strength  and  frequency  of  p53  nuclear  reactivity  may  correlate  with 
treatment  response. 

12.  Alterations  in  Wnt  and  Rho  signaling  pathways  appear  to  contribute  to  loss  of  cell  polarity  and  induction  of 
genomic  instability  in  Rad6B-overexpressing  breast  cells. 

13.  Rad6B  expression  is  monoallelic.  Our  preliminary  analysis  indicate  that  methylation  of  the  CpG  island  in  the 
Rad6B  promoter  may  play  an  important  role  in  regulation  of  Rad6B  expression  in  breast  cells. 
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funding  from  the  Department  of  Defense  has  immensely  helped  further  understanding  of  the  role  of  Rad6B  gene 
in  human  breast  carcinogenesis.  Although  the  presence  of  human  homologues  of  yeast  Rad6  has  been  known  for 
several  years,  very  little  research  was  focused  on  understanding  this  important  gene.  I  am  very  grateful  for  the 
funding.  Results  of  our  work  have  revealed  several  important  clues  to  understanding  mechanisms  that  cause  loss 
of  cell  polarity,  induce  genomic  instability,  initiate  tumorigenesis,  mediate  sensitivity  to  DNA  damaging  drugs,  and 
intervene/aggravate  malignant  progression. 

1.  We  have  characterized  the  validity,  utility  and  specificity  of  our  Rad6  antibody. 

2.  MCF10A-Rad6B  clones,  MCFlOA-a/s  Rad6B  clones. 

3.  Shekhar,  P.V.M.,  Lyakhovich,  A,  Heng,  H.,  Visscher,  D.W.  and  Kondrat,  N.  RAD6  overexpression  induces 
centrosome  amplification,  abnormal  mitosis,  aneuploidy  and  transformation.  Cancer  Res.,  62:2115-2124,2002. 
(Appendix  1). 

4.  Supramolecular  complex  formation  between  Rad6  and  proteins  of  p53  pathway  during  DNA  damage-induced 
response.  Lyakhovich,  A  and  Shekhar,  P.V.M.  Mol.  and  Cell.  Biol.,  23:  2463-2475, 2003  (Appendix  2). 

5.  Chemosensitivity  of  human  breast  cells  correlates  with  Rad6  expression  and  postreplication  repair  capacity. 
Shekhar  P.V.M.  and  Lyakhovich  A.  Manuscript  submitted  (Appendix  3). 

6.  Correlation  between  RAD6  expression/function  and  metastatic  potential.  Shekhar,  P.V.M.,  Wang,  H.,  Pethe,  V. 
&  Werdell,  J.  Proc.  AACR,  40: 1029, 1999. 

7.  Upregulation  of  RAD6  expression  in  human  breast  cancer:  effects  of  RAD6  overexpression  in  human  breast 
epithelial  cells.  Shekhar,  P.V.M.,  Visscher,  D.W.  &  Kondrat,  N.  Proc  Amer  Assoc  Cancer  Res.,  42, 2001. 

8.  Rad6  participates  in  DNA  damage-induced  response  by  regulating  stability  of  p53.  Lyakhovich  A.  &  Shekhar, 
P.V.M.  Proc  Amer  Assoc  Cancer  Res.,  43, 2002  (abstract  selected  for  AACR  award  from  Pharmacia). 

9.  Rad6,  an  important  mediator  in  the  maintenance  of  genomic  integrity.  Shekhar,  P.V.M.,  Lyakhovich,  A.  and 
Visscher,  D.W.  Era  of  Hope,  Department  of  Defense,  2002. 

10.  Regulation  of  Rad6  expression  during  cell  cycle  and  in  response  to  DNA  damage.  Shekhar  P.V.M.  Proc  AACR, 
44, 251, 2003. 

11.  Molecular  regulation  of  Rad6  expression  and  activity;  PI,  ROl,  NIH,  Revised  application  will  be  submitted  in 
Nov,  2003. 

12.  Apoptosis  and  Genomic  Instability:  When  Excessive  Cell  Death  is  Detrimental,  PI,  Department  of  Defense, 
submitted  May  2003. 

13. TargetingNuclearActin  Regulation  for  Cancer  Therapy;  Co-Investigator  (Ratner,  PI),  R21, NIH,  submittedJune 
2003. 

14.  Nuclear  Actin  and  its  Regulators  as  Therapeutic  Targets  in  Breast;  Co-Investigator  (Ratner,  PI),  Department  of 
Defense,  submitted  May  2003. 

15.  Rad6  expression,  a  marker  for  therapeutic  response.  Manuscript  and  abstract  will  be  submitted  as  soon  as  the 
statistical  analysis  is  completed. 

16.  Monoallelic  expression  of  Rad6B:  Regulation  by  methylation  of  the  noncoding  trinucleotide  CpG  repeat  tract. 
Abstract  and  manuscript  expected  to  be  submitted  in  three  months. 

17.  Dysregulation  in  Wnt  and  Rho  signaling  pathways  contribute  to  loss  of  cell  polarity  in  Rad6B-overexpressing 
human  breast  cells.  Manuscript  in  preparation. 

Personnel  supported  by  the  grant. 
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1.  Noelle  Kondrat;  2.  Dr.  Alex  Lyakhovich;  3.  Dr.  Daniel  Visscher;  4.  Dr.  Davis  Cheng 

CONCLUSIONS 

Rad6  plays  an  important  role  in  maintaining  genomic  integrity  of  human  breast  cells.  Imbalances  in  the  levels  of 
Rad6B  causes  loss  of  cell  polarity  and  genomic  instability  that  correlate  with  alterations  in  sensitivity  to 
chemotherapeutic  drugs  and  postreplication  DNA  repair  capacities.  Rad6B  forms  supramolecular  complexes  with 
p53,  pl4ARF  and  Mdm2,  and  inclusion  of  pl4ARF  and  Mdm2  into  Rad6-p53  complexes  is  dependent  upon 
exposure  to  DNA  damaging  agent.  Rad6  mediates  monoubiquitination  of  p53,  and  the  p53  response  observed 
following  DNA  damage  is  associated  with  parallel  increases  in  monoubiquitinated  p53 .  Loss  of  cell  polarity  induced 
by  Rad6B  overexpression  appears  to  be  a  result  of  dysregulation  in  Wnt  and  Rho  signaling  pathways.  Rad6  staining 
shows  differential  distribution  in  cytoplasmic  versus  nuclear  compartments  in  samples  accrued  from  patients 
following  post-chemotherapy.  Our  preliminary  data  suggest  that  recruitment  of  Rad6  into  the  nuclei  following 
chemotherapy  may  predict  favorable  treatment  outcome. 
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Fig.  1.  Western  blot  analysis  of  steady-state  levels  of  Rad6,  E-cadherin,  P-catenin,  E-cadherin  associated  with  P- 
catenin,  cdc42-GTPase,  and  APC  proteins.  E-cadherin  associated  with  P-catenin  was  detected  by 
immunoprecipitating  cell  extracts  with  P-catenin  monoclonal  antibody  followed  by  Western  blot  analysis  with  E- 
cadherin-specific  monoclonal  antibody.  APC  proteins  were  detected  by  antibodies  C-20  and  N-15  that  recognize 
epitopes  at  the  C-  andN-termini,  respectively.  Although  no  appreciable  differences  in  P-catenin  immunoprecipitable 
E-cadherin  were  detected  between  vector  control  and  Rad6-overexpressing  MCFIOA  cells,  slight  differences  in  the 
size  of  E-cadherin  is  detected,  although  the  significance  of  this  is  not  clear  at  present. 
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Fig.  2.  Detection  of  RhoA  and  RhoC  proteins  in  vector  control  (A-C)  and  Rad6B-overexpressing  (D-F)  MCFIOA 
cells  by  immunofluorescence  microscopy.  Note  the  presence  of  high  levels  of  Rho  proteins  and  pleimorphic  nuclei 
(detected  by  DAPI)  in  Rad6B-overexpressing  cells.  Magnification  XIOO. 
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Fig.  3.  Detection  of  Rad6  and  RhoA  in  Rad6B-overexpressing  MCFIOA  cells  by  immunofluorescence  microscopy. 
Note  the  presence  of  high  levels  of  Rad6  and  RhoA  in  the  nuclei.  Also  note  the  segregatioon  of  genetic  material 
from  a  tripolar  spindle  (B,  B’,  B”). 
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Fig.  4.  Detection  of  RhoA  from  vector  control  and  Rad6B-overexpressing  MCFIOA  cells  by  pull-down  assays  on 
Rhotek  affinity  beads.  Lanes  1-3,  total  cell  extract,  cytoplasmic,  and  nuclear  fractions  of  vector  control  cells, 
respectively.  Lanes  4-6,  total  cell  extract,  cytoplasmic,  and  nuclear  fractions  of  Rad6B-overexpressing  MCFIOA 
cells,  respectively.  Lane  7,  GST-tagged  RhoA  (Positive  control).  The  Coomassie  stained  blot  on  the  right  shows  that 
similar  levels  of  total  protein  were  loaded  and  that  the  differences  in  RhoA  levels  are  not  due  to  loading  variations. 


Fig.  5.  Detection  of  P-catenin  in  vector  control  and  Rad6B-overexpressing  MCFIOA  cells  by  immunofluorescence 
microscopy.  Note  the  difference  in  sizes  of  cells,  the  presence  of  defined  P-catenin  staining  in  vector  control  versus 
presence  of  crinkled  membranes,  diffuse  and  pervasive  P-catenin  staining,  and  presence  of  P-catenin  in  the  nucleus. 
Also,  note  the  presence  of  nuclei  that  are  localized  asymetrically  in  Rad6-overexpressing  cells.  Magnification,  XIOO. 
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Fig.  6.  Localization  of  P-catenin  by  immunofluorescence  microscopy.  Note  the  presence  of  higher  levels  of  P- 
catenin,  and  alterations  at  the  cell  membrane  (revealed  by  P-catenin  staining)  in  Rad6-overexpressing  cells  that 
probably  contribute  to  increased  rates  of  cell-cell  fusions  seen  in  MCF10A-Rad6B  cells.  Magnification  XIOO. 


Fig.  7.  Spheroids  formed  from  vector  control  (A,  A’,  A”)  and  MCF10A-Rad6B  (B,  B’,  B”)  cells  grown  in 
reconstituted  basement  membrane.  A,  A’ ,  B,  B’,  represent  H&E  staining;  A”  and  B”,  staining  with  Epithelial  mucin 
antigen-specific  antibody.  Note  the  formation  of  well  polarized  spheroids  containing  fewer  cells  (A  and  A’)  as 
compared  to  non-polarized  clusters  containing  several  cells  (B  and  B’).  Also,  note  the  presence  of  EMA-staining 
on  the  cell  membranes  and  formation  of  a  central  lumen  in  panel  A”.  Note  the  absence  of  such  staining  and  lack  of 
similar  lumen  formation  panel  B”.  Magnification,  X  25,  A  and  B;  X  40,  A’  and  B’;  and  X  100,  A”  and  B”. 


Malathy  PV  Shekhar,  Ph.D. 


Fig.  8.  Immunocytochemical  analysis  of  Rad6  protein 
expression  in  spheroids  formed  from  vector  control  (A  and 
A’)  and  Rad6B-overexpressing  MCFIOA  (B  and  B’)  cells. 
Note  the  presence  of  significantly  high  levels  of  Rad6  in 
MCF10A-Rad6  cells.  Also,  note  the  presence  of  high  levels 
of  Rad6  in  cells  containing  pleimorphic  and  apoptotic  nuclei 
(indicated  by  arrows  in  B’).  Magnification,  X  lOX,  A  and  B; 
X  100,  A’  and  B’. 
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Fig.  9.  Immunocytochemical  analysis  of  E-cadherin,  P-catenin  and  PCNA  expression  in  spheroids  formed  from 
vector  control  (MCFIOA)  and  MCF10A-Rad6B  cells.  A  and  E,  E-cadherin;  B  and  F,  p-catenin;  C  and  G,  RhoA; 
D  and  H,  PCNA.  Note  the  presence  of  higher  levels  of  E-cadherin,  P-catenin,  RhoA  and  PCNA  in  MCF10A-Rad6B 
cells  as  compared  to  control  MCFIOA  cells.  Magnification,  XIOO. 
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Fig.  10.  Immunocytochemical  analysis  of  P-catenin  in  spheroids 
formed  from  MCFIOA  and  MCF10A-Rad6B  cells.  Panels  A-F, 
staining  with  unphosphorylated  P-catenin  monoclonal  antibody; 
Panels  G  and  H,  staining  with  serine  phosphorylated  P-catenin 
antibody.  Compare  the  dramatic  differences  in  spheroid 
structures  (revealed  by  p-catenin  staining)  formed  from  parental 
versus  Rad6B-overexpressing  MCFIOA  cells.  Note,  loss  of 
polarity,  presence  of  pleimorphic  nuclei,  apoptotic  nuclei  (F)  and 
the  criss-cross  staining  of  p-catenin  in  MCF10A-Rad6B  cells  (C- 
F).  Note  the  lack  of  immunoreactivity  to  phosphorylated  P- 
catenin 

in  MCF10A-Rad6B  cells  (panel  H)  and  the  presence  of  weak 
immunoreactivity  in  vector  control  MCFIOA  cells  (panel  G). 
This  indicates  the  presence  of  active  P-catenin  in  MCFIOA- 
Rad6B  cells.  Magnification,  XI 00. 
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ABSTRACT 

We  have  isolated  by  differential  RNA  display  a  cDNA  that  is  up- 
regulated  in  metastatic  mammary  tumor  lines.  This  cDNA  corresponds  to 
HR6B,  the  yeast  homologue  of  Rad6,  a  ubiquitin-conjugating  enzyme,  and 
a  key  player  in  postreplication  repair  and  induced  mutagenesis  in  the 
yeast.  We  show  that  Rad6  protein  expressed  in  metastatic  tumor  lines  is 
wild  type  and  functional,  because  it  is  able  to  catalyze  the  transfer  of 
ubiquitin  to  histone  H2b  and  is  predominantly  localized  in  the  nucleus  as 
compared  with  cytoplasmic  localization  in  normal  or  nonmetastatic  mam¬ 
mary  cells.  This  pattern  of  Rad6  protein  expression/localization  is  not 
restricted  to  breast  cancer  cell  lines,  because  human  breast  carcinomas 
display  similar  patterns  of  Rad6  up-regulation  and  nuclear  localization 
suggesting  that  deregulation  in  expression  of  Rad6  may  be  an  important 
step  in  transformation  to  malignant  phenotype.  Constitutive  overexpres¬ 
sion  of  exogenous  human  HR6B  cDNA  into  normal-behaving  MCFIOA 
human  breast  epithelial  cells  induced  cell-cell  fusion  that  resulted  in 
generation  of  multinucleated  cells,  centrosome  amplification,  multipolar 
mitotic  spindles,  aneuploidy,  and  ability  for  anchorage-independent 
growth.  Double  immunofluorescence  labeling  experiments  demonstrated 
the  colocalization  of  Rad6  protein  with  y-tubulin  on  centrosomes.  This 
physical  association  of  Rad6  with  centrosomes  is  maintained  throughout 
the  interphase  and  mitotic  phases  of  the  cell  cycle.  The  Rad6  protein 
exhibits  notable  alterations  in  distribution  during  interphase  and  mitotic 
stages  of  the  cell  cycle  that  are  compatible  with  its  function  as  a  transcrip¬ 
tion  factor.  These  findings  suggest  that  Rad6  is  an  important  ubiquitin- 
conjugating  enzyme  that  may  play  a  significant  role  in  the  maintenance  of 
genomic  integrity  of  mammalian  cells  and  that  an  imbalance  in  the  levels 
and  activity  of  Rad6  could  lead  to  chromosomal  instability  and  transfor¬ 
mation  in  vitro, 

INTRODUCTION 

Mutagenesis  is  considered  to  be  a  major  pathogenetic  factor  in  the 
progression  of  human  epithelial  neoplasia  because  mutations  are 
thought  to  inactivate  cellular  defenses  against  uncontrolled  prolifera¬ 
tion  and  cell  migration.  Some  of  these  mutations  are  likely  to  have 
occurred  during  physiological  cell  replication  as  a  result  of  rare 
failures  to  correct  DNA  synthesis  errors  (1).  High  accuracy  is  main¬ 
tained  by  the  combined  action  of  mechanisms  that  include  3'  to  5' 
exonuclease  editing  of  mismatched  nucleotide  insertions,  DNA  po¬ 
lymerase  preference  for  correct  base-pairs,  and  postreplication  mis¬ 
match  repair.  Despite  demonstration  of  numerous  genomic  alterations 
in  human  breast  carcinoma  cells,  little  is  known  about  the  mecha- 
nisms(s)  responsible  for  genetic  instability. 

The  Rad6  group  is  concerned  with  postreplication  or  “error-prone” 
repair  (2).  The  Rad6  gene  encodes  a  17,000  protein  (3),  which  is 
one  of  a  group  of  ubiquitin-conjugating  (E2)  enzymes  (4)  that  co¬ 
valently  add  ubiquitin  to  selected  lysine  residues.  The  Rad6  pathway 
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appears  to  be  regulated  by  post-translational  modification  of  target 
proteins  with  ubiquitin,  which  commits  them  to  rapid  proteolysis.  The 
Rad6  gene  of  Saccharomyces  cerevisiae  is  required  for  a  variety  of 
cellular  functions  including  DNA  repair,  induced  mutagenesis,  and 
sporulation  (5,  6).  rad6  mutant  phenotypic  effects  include  slow 
growth,  severe  defects  in  induced  mutagenesis,  extreme  sensitivity  to 
UV,  X-ray,  and  chemical  mutagens,  and  hypersensitivity  to  antifolate 
drug  metabolites  (7).  The  diversity  of  the  phenotypes  of  rad6  mutants 
suggests  that  the  Rad6  gene  product  is  central  to  cell  cycle  regulation. 
All  of  the  functions  performed  by  the  Rad6  protein  appear  to  result 
from  ubiquitination,  because  replacement  of  the  conserved  Cys  88 
with  serine  produces  a  totally  null  phenotype.  Although  all  of  the  E2s 
characterized  to  date  are  structurally  related,  they  fall  into  several 
functionally  distinct  categories.  The  yeast  CDC34  (UBC3)  E2  is 
required  for  Gj  to  S  phase  transition  of  the  cell  cycle  (8),  whereas  the 
yeast  Rad6/UBC2/E2  is  involved  in  a  variety  of  processes  including 
DNA  repair,  mutagenesis,  and  cell  proliferation  (6). 

Rad6  is  highly  conserved  among  eukaryotes.  Two  closely  related 
human  DNA  repair  genes,  HHR6A  and  HHR6B  (human  homologues 
of  yeast  Rad6),  encode  ubiquitin-conjugating  enzymes  (E2),  and 
complement  the  DNA  repair  and  UV  mutagenesis  defects  of  the  S. 
cerevisiae  rad6  mutant  (9).  HHR6A  and  HHR6B  share  95%  identical 
amino  acid  residues  and  are  localized  on  human  chromosome  Xq24- 
q25  and  5q23-q31,  respectively  (10).  Inactivation  of  the  gene  encod¬ 
ing  the  mammalian  homologue  of  yeast  Rad6,  HR6B,  in  mice  leads  to 
male  sterility  (11).  Experiments  described  here  show  for  the  first  time 
that  HR6B  is  overexpressed  in  mouse  and  human  breast  cancer  lines 
and  tumors,  and  that  constitutive  overexpression  of  HR6B  induces 
formation  of  multinucleated  cells,  centrosome  amplification,  abnor¬ 
mal  mitosis,  aneuploidy,  and  transformation. 


MATERIALS  AND  METHODS 

Mouse  Mammary  Metastasis  Model.  Tumor  sublines  67,  168,  66cl4, 
4T07,  and  4T1  were  isolated  from  a  single  spontaneously  arising  mammary 
tumor  from  the  Balb/cfC3H  mouse  (12).  The  subpopulations  were  classified 
based  on  their  ability  to  metastasize  spontaneously  from  the  orthotopic  site. 
Subline  66cl4  spontaneously  metastasizes  to  the  lung  via  the  lymphatics, 
whereas  subline  4T1  spontaneously  metastasizes  to  the  lung  and  liver  via  the 
hematogenous  route  (12).  Sublines  67,  168FAR,  and  4T07  are  highly  tumor- 
igenic  but  fail  to  metastasize  from  primary  lesions  through  different  end  points 
in  the  dissemination;  however,  injection  of  4T07  cells  into  the  tail  vein  results 
in  the  formation  of  tumor  nodules  in  the  lung  and  liver  (13). 

Human  Breast  Epithelial  Cell  Lines.  MCFIOA,  MCFIOAT, 
MCF10ADCIS.com,  MCF-7,  and  MDA-MB-231  cells  were  also  used. 
MCFIOA  cells  are  normal-behaving  human  breast  epithelial  cells  that  lack 
tumorigenicity  in  nude  mice  and  are  unable  to  support  anchorage-independent 
growth  (14),  whereas  MCFIOAT  and  MCF10ADCIS.com  are  T24-Ha-ras- 
transformed  MCFIOA  cells  that  produce  preneoplastic  (15)  or  DCIS^  (16) 
lesions,  respectively,  when  implanted  in  immunodeficient  mice.  MCF-7  (tu- 
morigenic)  and  MDA-MB-231  (metastatic)  human  breast  cancer  cells  were 


^  The  abbreviations  used  are:  DCIS,  ductal  carcinoma  in  situ;  Gas,  growth  arrest- 
specific;  RT-PCR,  reverse  transcription-PCR;  GAPDH,  glyceraldehyde-3-phosphate  de¬ 
hydrogenase;  HRP,  horseradish  peroxidase;  CFE,  colony-forming  efficiency;  PCNA, 
proliferating  cell  nuclear  antigen. 


2115 


Rad6  OVHREXPRnSSION  INDUCES  CHROMOSOMAL  INSTABILITY 


obtained  from  Cell  Resource  Core  of  Karmanos  Cancer  Institute  or  purchased 
from  American  Type  Culture  Collection  (Manassas.  Virginia),  respectively. 

Cell  Culture.  Mouse  mammar>'  tumor  sublines  were  grown  in  DMEM 
supplemented  with  59c  PCS,  59r  newborn  calf  serum,  1  mM  nonessential 
amino  acids.  2  mM  L-glutamine,  100  units/ml  penicillin,  and  100  |ig/ml 
streptomycin.  MCFIOA  and  MCFIOAT  cells  were  maintained  in  DMEM/F-I2 
medium  supplemented  with  2.5^?^  horse  serum.  0.02  /u.g/ml  epidermal  growth 
factor,  0.5  fLg/ml  hydrocortisone.  10  /utg/ml  of  insulin,  0. 1  /xg/ml  cholera  toxin, 
100  units/ml  penicillin,  and  100  /ig/ml  streptomycin.  MCF10ADCIS.com  and 
MDA-MB-231  cells  were  grown  in  DMEM  supplemented  with  ]09c  FCS, 
and  MCF-7  cells  were  maintained  in  DMEM/F-12  supplemented  with  59c 
FCS  and  10  ^g/ml  insulin. 

mRNA  Differential  Display.  Total  cellular  RNA  was  isolated  using  the 
TRIzol  reagent  kit  (Life  Technologies,  Inc.,  Grand  Island,  NY)  following  the 
manufacturer’s  protocol.  Before  mRNA  differential  display,  DNase  I  treatment 
was  performed  on  the  RNA  samples  using  the  Message  Clean  kit  (GenHunter 
Corp..  Nashville,  TN)  and  differential  display  of  cDNA  fragments  was  per¬ 
formed  essentially  as  described  by  Liang  et  al  (17).  The  radioactive  PCR 
products  were  electrophoresed  on  6*^  acrylamide-8  m  urea  gels  in  Tris-borate 
EDTA  buffer  (pH  8.0)  at  35  W  for  3  h,  and  the  gel  was  dried  and  subjected  to 
autoradiography.  Selected  bands  were  identified,  and  the  corresponding  slices 
on  the  dried  gels  were  excised  and  eluted  by  incubation  in  50  /itl  of  10  mM 
Tris-HCl-l  mM  EDTA  buffer  (pH  8.0)  at  60°C  for  1  h.  Gel  pieces  containing 
differentially  displayed  bands  of  interest  were  reamplified  by  PCR,  subcloned 
into  pCR-telomeric  repeat  amplification  protocol  vector  and  .sequenced  using 
primers  provided  in  the  pCR-telomeric  repeat  amplification  protocol  cloning 
system  (GenHunter  Corp.).  Gas!  (18)  and  the  HR6B/E2B/Rad6  cDNAs  were 
isolated  using  5'-AGGTGACCGT-3'  (AP3)  and  T,  |C  primers  for  PCR  am¬ 
plification  (GenHunter  Corp.). 

Full-length  HR6B  cDNAs  were  amplified  by  RT-PCR  from  RNAs  of 
I68FAR,  66cI4,  and  4T1  tumor  sublines,  and  normal  BALB/c  mouse  liver 
using  the  forward  and  reverse  primers  5'-AGCTGCGGAGCATGTCG-3' 
(+17/-h33)  and  5'-AAGGATGAGCAGACCAGG-3'  (+574/+553;  Acces¬ 
sion  no.  NM_009458).  respectively.  PCR  amplification  was  performed  for  25 
cycles  at  95X  for  1  min,  52X  for  2  min,  and  72X  for  3  min.  The  PCR 
products  w'ere  additionally  characterized  by  Southern  blot  analysis  using;  (a) 
the  240-bp  cDNA  fragment  isolated  from  differential  display;  and  (h)  a 
full-length  HHR6B  cDNA  prepared  from  the  normal  human  breast  epithelial 
cell  line  MCFIOA  using  primers  +330/+348  and  +935/+914  (Accession  no. 
M74525).  The  amplified  cDNAs  were  sequenced  by  Cyclist  DNA  sequencing 
kit  (Stratagene.  La  Jolla,  CA)  and  sequence  data  subjected  to  similarity  search 
at  nucleotide  and  amino  acid  levels  using  the  GenBank  databases. 

RT-PCR  Analysis  of  HR6B/E2B/Rad6  Expression.  Total  RNAs  (2  /xg) 
from  67,  168FAR,  4T07.  4TI,  and  66cl4  tumor  sublines  were  digested  with 
RNase-free  DNase  I  and  reverse  transcribed  using  random  hexamers  and 
Superscript  II  (Life  Technologies,  Inc.,  RcKkville.  MD).  Relative  levels  of 
HR6B  mRNA  expression  were  determined  by  RT-PCR  using  primers  -1-17/ 
+33  and  +114/+97  (Accession  no.  NM_009458)  as  forward  and  reverse 
primers,  respectively,  and  conditions  that  yielded  a  detectable  PCR  product 
using  the  minimum  number  of  amplification  cycles.  In  addition  to  the  primers 
for  the  HR6B  gene,  a  set  of  primers  designed  to  recognize  GAPDH  cDNA  was 
used  in  each  reaction  as  an  internal  control  for  the  amount  of  cDNA  tested.  The 
GAPDH-specific  primers  were  forward.  5'-CATTGACCTCAACTACAT- 
GGT-3'  (+186/+206)  and  reverse,  5'-GGATCTCGCTCCTGGAAGA-3' 
(+320/+302;  Accession  no.  XM_()06959).  The  PCR  products  were  .separated 
by  agarose  gel  electrophoresis,  transferred,  and  blots  probed  with  the  full- 
length  HR6B  (PCR  amplified  using  primers  +I7/+33  and  +509/+493; 
Accession  no.  NM_.009458)  and  GAPDH  cDNAs  as  the  probes.  The  rela¬ 
tive  intensities  of  the  HR6B  and  GAPDH  hybridizable  bands  were  quanti¬ 
tated  by  densitometry  (Model  300A  densitometer:  Molecular  Dynamics, 
Sunnyvale,  CA). 

Preparation  of  Rad6  Antibody  and  Western  Blotting.  Antibody  to  Rad6 
was  generated  by  multiple  immunization  of  New  Zealand  White  rabbits  with 
a  synthetic  peptide  (K  plus  amino  acid  residues  131-152;  Accession  no. 
NM_009458)  that  is  conserved  1(X)%  in  mouse  and  human  HR6B,  and  91%  in 
human  HR6A.  For  Western  blotting,  cell  ly.sates  from  exponentially  growing 
mouse  and  human  brea.st  cells  were  prepared  in  10  mM  Tris-HCl  (pH  7.5),  150 
mM  NaCl,  1%  Triton  X-IOO,  I  mM  phenylmethylsulfonyl  fluoride,  1  /xg/ml 
each  of  leupeptin,  pepstatin.  antipain,  and  1  mM  sodium  orthovanadate,  and 


proteins  (50  /xg)  from  each  lysate  were  separated  by  SDS-PAGE  and  trans- 
blotted  onto  Immobilon  P  membranes.  The  blots  were  .stained  with  anti-Rad6 
antibody.  After  detection,  blots  were  stripped  and  reprobed  with  a  rabbit 
polyclonal  Gasl  protein  antibody,  a  kind  gift  from  Dr.  G.  Del  Sal  (International 
Center  for  Genetic  Engineering  and  Biotechnology,  Consortium  for  Interuni¬ 
versity,  Biotechnology  Laboratories,  Trieste.  Italy).  Loading  of  protein  was 
monitored  by  reprobing  stripped  membranes  with  mouse  anti-/3-actin  antibody. 
Rad6  (and  Gasl)  and  /3-actin  protein  bands  were  visualized  with  antirabbit  or 
antimouse  IgG  coupled  to  HRP,  respectively,  using  enhanced  chemilumines¬ 
cence  kit  (Amersham,  Arlington  Heights,  IL).  The  relative  amounts  of  Rad6 
(HR6A/HR6B)  protein(s)  to  /3-actin  bands  were  quantitated  with  a  scanner- 
densitometer  (Molecular  Dynamics). 

Immunofluorescence  Microscopy.  For  immunofluorescence  staining, 
mouse  mammary  tumor  sublines  67,  168FAR,  66cl4,  and  4T1,  and  MCFIOA 
human  breast  epithelial  cells  were  grown  on  coverslips  and  fixed  in  methanol: 
acetone  (1:1,  v/v)  at  -20''C.  Cells  were  preincubated  with  2%  horse  serum/ 
PBS  and  incubated  with  anti-Rad6  antibody.  To  a.ssess  centrosome  number  or 
colocalization  of  Rad6  with  centrosomes.  vector-transfected  and  Rad6-over- 
expressing  MCFIOA  clones  fixed  in  methanol-acetone  were  stained  with 
mou.se  monoclonal  antibody  to  y-tubulin  (Zymed  Labs,  San  Francisco,  CA),  or 
a  1:1  mixture  of  anti-Rad6  antibody  plus  y-tubulin  antibody.  Rad6  and  y- 
tubulin  were  detected  with  FITC-conjugated  goat  antirabbit  IgG  and  Texas 
Red-conjugated  goat  antimouse  IgG,  respectively,  and  scored  for  the  number 
of  centrosomes.  Nonbinding  mouse  or  rabbit  IgG  was  used  as  a  control  in  all 
of  the  double-labeling  experiments.  Slides  were  counterstained  with  4',6- 
diamidino-2-phenylindole  (Molecular  Probes),  and  the  number  of  abnormal 
mitoses  was  determined  at  XI 00  magnification  and  expressed  as  a  percentage 
of  the  total  number  of  mitotic  nuclei  per  300  nuclei  scored.  Representative  cells 
at  different  stages  during  mitosis  were  also  scored  to  evaluate  Rad6  expression 
and  localization.  All  of  the  images  were  collected  on  a  Olympus  BX-4 
fluorescence  microscope  equipped  with  Sony  high  resolution/sensitivity  CCD 
video  camera. 

Immunohistocliemistry.  Cryostat  or  formalin-fixed,  paraffin-embedded 
human  breast  carcinoma  tissue  sections  were  incubated  with  anti-Rad6  anti¬ 
body  followed  by  biotinylated  antirabbit  IgG  secondary'  antibody  and  HRP- 
conjugated  streptavidin.  Nuclei  were  counterstained  with  hematoxylin.  Control 
sections  were  stained  with  secondary  antibody  only. 

Rad6-associated  Histone  H2B  Ubiquitination  Activity.  Cell  extracts  of 
mouse  tumor  sublines  67,  168FAR,  4T07,  66cl4,  and  4T1  containing  equiva¬ 
lent  amounts  of  total  protein  (100  /xg)  were  immunoprecipitated  with  anti- 
Rad6  antibody  or  with  an  equivalent  amount  of  normal  rabbit  IgG.  Immune 
complexes  were  pelleted  after  incubation  with  protein  A/G-Sepharose,  washed 
in  lysis  buffer  [10  mM  Tri.s-HCI  (pH  7.5),  150  mM  NaCl,  1%  Triton  X-IOO, 

1  mM  phenylmethylsulfonyl  fluoride],  and  the  washed  pellets  rinsed  with  reaction 
buffer  [50  mM  Tris-HCl  (pH  7.5) ,  50  mM  KCl,  5  mM  MgCU,  2  mM  ATP,  0.2 
mM  DTT,  100  ^g/ml  BSA].  The  rin.sed  pellets  were  resuspended  in  the  same 
buffer  supplemented  with  0.5  ^g  Histone  H2B  (Sigma  Chemical  Co.,  St. 
Louis,  MO),  0.5  /xg  ubiquitin  (Sigma  Chemical  Co.),  and  0.2  /xg  ubiquitin 
activating  enzyme,  El  (Boston  Biochem,  Boston.  MA)  and  incubated  for  30 
min  at  30X.  Some  reactions  were  performed  with  the  same  assay  buffer  but 
lacking  ATP.  The  reaction  mixtures  were  run  on  reducing  17%  polyacrylamide 
gels,  electroblotted,  and  subjected  to  Western  analysis  with  mouse  antiubiq- 
uitin  antibody  (Zymed  Lab.s).  Ubiquitinated  histone  H2B  and  free  ubiquitin 
were  visualized  with  antimouse  IgG  coupled  to  HRP  using  an  enhanced 
chemiluminescence  kit  (Amersham  Corp.). 

Generation  of  Stable  HHR6B  Transfectants  and  Analysis.  Full-length 
wild-type  HHR6B  cDNA  was  subcloned  into  the  Bam\\\  site  of  the  mamma¬ 
lian  expression  vector  pCMVneo  (Promega  Corp.,  Madison.  Wl)  for  high-level 
expression  under  the  transcriptional  control  of  the  cytomegalovirus  promoter. 
Circular  plasmid  DNA  (either  empty  vector  or  sample  construct)  was  trans¬ 
fected  into  MCFIOA  cells  by  Mirus  Trans  IT-I  transfection  reagent  (Pan Vera 
Corp.,  Madison,  WI).  Stable  transfectants  were  selected  by  resistance  to  G418 
selection  (500  /xg/m!)  for  3  weeks.  Selected  resistant  clones  were  isolated, 
expanded,  and  maintained  in  the  presence  of  G4I8.  Expression  of  the  trans¬ 
fected  gene  was  monitored  by  RT-PCR  with  primers  specific  for  the  vector  and 
the  exogenous  gene  on  DNase-treated  RNA  samples.  Northern,  and  Western 
blot  analysis. 

Growth  in  Soft  Agar.  Vector- transfected  or  HHR6B -overexpressing 
MCFIOA  clones  (2  X  10^  cells)  were  seeded  in  2  ml  of  0.33%  agar  in 
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DMEM-F12-supplemented  medium  as  described  above  for  propagation  of 
MCFIOA  cells.  This  suspension  was  layered  over  1  ml  of  0.9%  agar  medium 
base  layer  and  dishes  incubated  at  37°C  in  5%  C02/95%  O2  for  4  weeks  with 
twice  weekly  medium  changes.  All  of  the  cultures  were  examined  24  h  after 
plating,  and  cell  aggregates  that  might  bias  final  results  were  marked.  Plates 
with  >10  aggregates  were  discarded.  CFE  was  calculated  by  dividing  the 
number  of  colonies  >50  jmm  (sized  using  a  calibrated  ocular  grid)  by 
the  number  of  cells  seeded.  Ten  microscopic  fields  were  counted  to  calculate 
the  total  number  of  colonies/well  from  the  whole  well  (19).  Reported  values 
are  the  average  count  from  triplicate  wells.  The  number  of  colonies  in  different 
size  ranges  (50-100  /xm  and  >100  /xm)  was  calculated  in  the  same  manner. 

SKY.  The  probe  mixture  containing  24  differentially  labeled,  chromosome- 
specific  painting  probes  and  Cot- 1 -blocking  DNA  (SKY  kit;  Applied  Spectral 
Imaging,  Carlsbad,  CA)  was  denatured  and  hybridized  to  denatured  metaphase 
chromosomes  (20,  21)  according  to  the  protocol  recommended  by  the  manu¬ 
facturer.  After  hybridization  and  washing,  the  chromosomes  were  counter- 
stained  with  DAPI.  Image  acquisitions  were  performed  using  a  SD200  Spec- 
tracube  system  mounted  on  a  Zeiss  Axioskop  microscope  with  a  custom 
designed  optical  filter  (SKY-1;  Chroma  Technology,  Brattleboro,  VT).  The 
emission  spectra  were  then  converted  to  the  pseudocolors  matching  the  flu- 
orchrome  combinations  of  each  chromosome.  For  parental  MCFIOA  and  each 
clone,  at  least  9-10  metaphases  were  analyzed. 

Statistical  Analysis.  Specific  differences  between  parental  vector-trans¬ 
fected  MCFIOA  cells  and  HHR6B-overexpressing  MCFIOA  cells  were  exam¬ 
ined  by  Student’s  t  test  for  centrosome  numbers,  or  number  of  cells  containing 
multiple/giant  nuclei  or  showing  abnormal  mitosis.  Statistical  significance  was 
determined  using  Student’s  t  test  with  P  <  0.005  considered  as  statistically 
significant. 

RESULTS 

Isolation  and  Sequence  Analysis  of  Rad6.  Taking  advantage  of  a 
genetically  related  mouse  mammary  metastasis  model  system,  we 
compared  the  cDNAs  differentially  displayed  from  mRNAs  of  mouse 
mammary  tumor  subpopulations  67,  168FAR,  66cl4,  4T07,  and  4T1 
of  variant  metastatic  capacities.  Two  cDNAs  that  were  overabun- 
dantly  expressed  or  down-regulated  in  the  most  metastatic  cell  line, 
4T1,  were  isolated  and  additionally  characterized  by  sequence  and 
expression  analysis  (Fig.  \a).  A  BLAST  search  for  sequence  homo- 
logues  in  the  GenBank  database  revealed  that  the  abundantly  ex¬ 
pressed  240-bp  cDNA  is  the  mouse  homologue  of  the  yeast  ubiquitin- 
conjugating  enzyme  Rad6  and  matched  93%  and  100%  with  the 


human  HR6B  (Accession  no.  M74525)  and  mouse  E2B  (Accession 
no.  NM_009458)  genes,  respectively,  whereas  the  down-regulated 
290-bp  cDNA  matched  100%  with  the  mouse  gene  Gasl  (18). 

HR6B  mRNA  and  Protein  Are  Overexpressed  in  Metastatic 
Mammary  Tumor  Cells.  To  test  whether  the  pattern  that  appeared 
on  differential  display  fingerprints  faithfully  reflects  the  real  expres¬ 
sion  profile  of  HR6B/E2B  transcript  in  the  mouse  mammary  tumor 
subpopulations,  20  (xg  total  RNA  isolated  from  sublines  67,  168FAR, 
66cl4,  4T07,  and  4T1  cells  were  subjected  to  Northern  analysis  using 
the  240-bp  Rad6  cDNA  as  the  probe.  Weakly  hybridizing  signals  were 
detected,  suggesting  the  presence  of  very  low  steady-state  levels  of 
HR6B  mRNA  in  these  cells.  For  RT-PCR  analysis  of  HR6B  expres¬ 
sion,  oligonucleotide  primers  designed  (encompassing  base  17-574) 
to  amplify  the  entire  coding  region  were  used.  A  558-bp  fragment  was 
detected  in  all  of  the  tumor  sublines,  and  the  identity  of  the  558-bp 
fragment  was  confirmed  by  Southern  blot  hybridization  to  both  the 
240-bp  Rad6  cDNA  (isolated  from  differential  display)  and  the  full- 
length  human  HR6B  cDNA  amplified  from  MCFIOA  cellular  RNA 
(data  not  shown).  The  relative  levels  of  HR6B  mRNA  expression  in 
the  mouse  mammary  tumor  sublines  were  confirmed  by  RT-PCR 
using  primers  for  the  mouse  Rad6  (+17/+33  and  +114/+97)  and 
GAPDH  cDNAs  (+1 86/+ 206  and  +320/+302),  and  PCR  conditions 
that  yielded  detectable  products  with  a  minimum  number  of  cycles. 
Results  of  RT-PCR  (Fig.  lb)  are  in  agreement  with  those  from 
differential  display  (Fig.  la).  HR6B  mRNA  levels  in  4T07  and  4T1 
cells  were  ~35-fold  higher  than  line  67,  and  approximately  15-20- 
fold,  respectively,  higher  than  lines  168FAR  and  66cl4  (Fig.  lb). 

Cell  lysates  prepared  from  mouse  mammary  tumor  sublines  (67, 
168FAR,  4T07,  66cl4,  and  4T1)  or  human  breast  cells  MCFIOA 
(normal),  MCFIOAT  (preneoplastic),  MCF10ADCIS.com  (DCIS  le¬ 
sions),  MCF-7  (tumorigenic),  and  MDA-MB-231  (metastatic)  were 
subjected  to  SDS-PAGE  and  Western  blot  analysis  with  rabbit  anti- 
Rad6  antibody.  As  expected  for  the  mouse  HR6B/E2B/Rad6  protein, 
the  antibody  recognized  a  M^.  17,000  protein  from  all  of  the  cell 
extracts.  Levels  of  the  Rad6  protein  detected  in  the  lysates  of  mouse 
tumor  sublines  are  in  agreement  with  those  observed  by  RT-PCR  (Fig. 
lb).  The  66cl4, 4T07,  and  4T1  cells  expressed  —10-,  15-,  and  25-fold 
higher  steady-state  levels  of  Rad6  protein,  respectively,  when  com¬ 
pared  with  lines  67  and  168FAR  (Fig.  Ic).  The  human  HR6A  and 


Fig.  1.  HR6B/E2B/Rad6  mRNA  and  HR6A/B 
protein  expression  in  mouse  mammary  tumor  sub¬ 
populations  and  human  breast  cancer  cells,  a,  dif¬ 
ferential  display  analysis  of  mRNAs  from  mouse 
mammary  tumor  sublines  with  variant  metastatic 
capacity.  Note  that  expression  levels  of  a  second 
differentially  displayed  cDNA  GASl,  using  the 
same  primer  set,  exhibited  an  inverse  relationship 
with  HR6B  expression,  b,  RT-PCR  analysis  of 
HR6B  in  mouse  mammary  tumor  sublines,  c  and  d, 
Western  blot  analysis  of  Rad6.  Because  the  anti¬ 
body  may  not  distinguish  the  two  forms  of  very 
closely  related  HR6A  and  HR6B  proteins,  immu- 
noreactive  Rad6  proteins  detected  with  this  anti¬ 
body  are  referred  to  as  Rad6  rather  than  HR6A  or 
B.  Membranes  from  c  and  d  were  stripped  and 
reprobed  with  anti-Gasl  or  anti-j3-actin  antibody, 
respectively. 
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Fig.  2.  Immunonuorcsccncc  toliza(ion  of  Rad6  in  mouse  and  human  mammar>.  epithelial  eells.  Rad6  is  predominantly  l<K:ali/ed  in  the  cytoplasm  with  punctate  oroittusc  nuctear 
ainmg  in  normaldvhavmg  MCFIOA  (A)  or  nonmctastatic  I68FAR  (B|  cells  as  opposed  to  prevalent  and  intense  staining  in  nuclei  of  metastatic  4TI  cells  (O.  Bars.  10  iim  ft 
immunostaintng  of  Rad6  in  human  breast  tumors.  Ducts  of  nomtal  breast  (A)  and  nonnal  mammary  epithelium  adjacent  to  tumor  (E\  show  Rad6  that  is  localized  in  the  lumen  (*-)■ 
hrr/  “  immunoreactivity  (By.  and  breast  tumors  with  DCIS  (C  and  D)  or  invasive  cancer  (-;  £  and  F,  exhibit  intense  Rad6  stainins.  D 

d  F.  higher  magiuficalions  of  a  DCIsS  and  malignanl  breasl  lumor.  respectively.  Whereas  Rad6  immunostaining  is  localized  in  the  cytoplasm  of  cells  from  normal  or  benien  breast 
issues,  note  the  presence  of  distinct  patterns  of  Rad6  distribution  in  a  DCIS:  cytoplasmic  staining  (ft,,,.,,  ft/m  ft  rtrmw)  in  the  peripheral  cells  .rr.r„.v  nuclear  stainins  (=»)  in^he  core 
(U).  A.  a.  L.  and  t.  bars,  10  /im:  D  and  F,  bar,  4  /xm. 


HR6B  proteins  share  959c  identical  amino  acid  residues.  Because  the 
synthetic  peptide  used  for  generation  of  the  HR6B  antibody  differs 
from  HR6A  by  only  two  amino  acid  residues,  levels  of  Rad6  protein 
expressed  by  HR6A  and  B  forms  are  not  distinguishable.  Thus,  the  M, 
17,000  immunoreactive  protein(s)  detected  in  the  human  cells  are 
referred  to  as  Rad6  rather  than  HR6A  or  B.  Western  blot  analysis  of 
human  breast  cells  revealed  approximately  3-4-fold  higher  levels  of 
Rad6  protein  in  MCF10ADCIS.com,  MCF-7,  and  MDA-MB-231 
breast  cancer  cells  as  compared  with  MCFIOA  and  MCFIOAT  cells 
after  normalizing  for  loading  with  j3-actin  antibody  (Fig.  1^. 

Overexpressed  HR6B  mRNA  Is  Wild  Type.  HR6B  cDNAs  were 
amplified  by  RT-PCR  from  67  (low  Rad6  expressor),  4Tr(Rad6 
overexpressor),  and  normal  BALB/c  mouse  liver  using  primers  de¬ 
signed  to  yield  full-length  HR6B  cDNAs  as  de.scribed  in  ‘‘Materials 
and  Methods.”  The  amplified  cDNAs  were  subjected  to  direct  se¬ 
quence  analysis,  and  sequences  of  67  and  4T1  Rad6  cDNAs  compared 
with  those  from  the  normal  mouse  liver.  No  alterations  were  detected 
(data  not  shown),  and  the  sequence  matched  100%  to  that  reported  for 
the  mouse  HR6B/E2B/Rad6  mRNA  indicating  that  the  Rad6  overex¬ 
pressed  in  the  highly  metastatic  subline  4T1  is  wild  type. 

Immunocytochemical  Localization  of  Rad6  Protein  in  Mam¬ 
mary  Tumor  Cells  and  Human  Breast  Carcinomas.  Results  of 
immunofluorescence  microscopy  not  only  confirmed  the  abundant 
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presence  of  Rad6  protein  in  metastatic  4TI  cells  (Fig.  \c)  but  also 
showed  a  dramatic  difference  in  cellular  distribution  of  Rad6  between 
normal,  nonmctastatic  and  metastatic  breast  epithelial  cells.  Whereas 
MCFIOA  and  168FAR  cells  show  predominant  localization  of  Rad6 
in  the  cytoplasm  with  diffuse  or  punctate  staining  in  the  nucleus,  Rad6 
protein  is  predominantly  localized  as  large  aggregates  in  the  nuclei  of 
metastatic  4T1  cells  (Fig.  2a), 

Immunohistochemical  localization  of  Rad6  was  performed  on  cry¬ 
ostat  and  paraffin-embedded  sections  from  30  human  breast  carci¬ 
noma  tissues  and  five  human  breast  DCIS  lesions,  respectively. 
Examples  of  the  results  obtained  are  shown  in  Fig.  2h.  Low  levels  of 
Rad6,  predominantly  localized  in  the  lumen,  were  observ^ed  in  the 
ducts  of  normal  breast  (Fig.  2/j,  panel  A),  and  in  ducts  of  normal 
mammary  epithelium  adjacent  to  tumor  (Fig.  2h,  panel  E).  Breast 
tissues  with  adenosis  revealed  moderate  Rad6  immunoreactivity 
(Fig.  2b,  panel  B).  In  contrast  to  weak  Rad6  staining  in  normal  breast 
epithelium,  breast  tumors  with  DCIS  (Fig.  2h,  panels  C  and  D)  or 
invasive  cancer  (Fig.  2h,  panels  E  and  F)  exhibited  intense  Rad6 
reactivity.  Whereas  Rad6  immunostaining  is  localized  in  the  cyto¬ 
plasm  of  cells  from  normal  or  benign  breast  tissues,  it  is  interesting  to 
note  that  a  significant  proportion  of  DCIS  and  invasive  breast  carci¬ 
nomas  exhibited  nuclear  immunoreactivity.  Among  focally  to  strongly 
immunoreactive  tumors,  tumor  cell  staining  was  cytoplasmic  in  5  (2, 
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Fig.  3.  Ubiquitin-conjugating  activity  of  endogenous  Rad6  in  mouse  mammary  tumor 
sublines  of  variant  metastatic  capacities.  Total  cell  lysates  containing  100  tig  protein  from 
tumor  sublines  67  (Lane  2),  168FAR  (Lane  3),  4T07  (Lane  4),  4T1  (Lanes  1,  5  and  7),  or 
66cl4  (Lane  6)  were  immunoprecipitated  with  anti-Rad6  antibody  (Lanes  2-7)  or  with  an 
equivalent  amount  of  corresponding  nonimmune  IgG  (Lane  1)  and  subjected  to  ubiquitin 
conjugation  assay  in  the  presence  of  ATP  (Lanes  1—6)  or  absence  of  ATP  (Lane  7)  as 
described  in  “Materials  and  Methods.”  Positions  of  mono-  and  di-ubiquitinated  histone 
H2b  are  indicated  by  *  beside  position  of  unconjugated  ubiquitin.  The  blot  on  the  bottom 
is  a  Western  blot  analysis  of  cell  extracts  with  anti-Rad6  antibody. 

Stage  I;  3,  stage  II),  nuclear  in  2  (stage  III),  and  combined  nuclear  and 
cytoplasmic  in  4  (1,  stage  1;  1,  stage  II;  and  2,  stage  III). 

Ubiquitin-conjugation  Activity  of  Rad6  Protein  in  Tumor  Cells. 
To  determine  whether  the  mouse  tumor  sublines  of  variant  meta¬ 
static  capacities  and  Rad6  expressions  differed  in  their  Rad6- 
mediated  ubiquitin-conjugating  activity,  we  tested  the  ability  of 
Rad6  immunoprecipitated  from  cell  lysates  to  ubiquitinate  histone 
H2b.  Results  of  Fig.  3  demonstrate  both  the  validity  of  the  anti- 
Rad6  antibody  and  the  presence  of  functionally  active  Rad6  in  the 
extracts  of  tumor  sublines  as  immunoprecipitable  Rad6  from  all  of 
the  tumor  sublines,  regardless  of  their  metastatic  capacity,  had  the 
ability  to  conjugate  one  or  two  molecules  of  ubiquitin  to  histone 
H2b.  However,  contrary  to  expected  results,  metastatic  sublines 
exhibited  lower  histone  ubiquitin-conjugating  activity  as  compared 
with  nonmetastatic  sublines  that  was  not  proportional  to  levels  of 
endogenous  Rad6.  The  histone  ubiquitin-conjugating  activity  is 
dependent  on  Rad6  enzymatic  activity,  because  assays  performed 
in  the  absence  of  ATP  or  extracts  immunoprecipitated  with  the 
corresponding  normal  IgG  fail  to  conjugate  ubiquitin  to  histone. 

Stable  HHR6B  Expression  in  Normal  MCFIOA  Cells.  To  deter¬ 
mine  the  effect  of  constitutive  overexpression  of  HHR6B,  normal 
behaving  breast  epithelial  cell  line  MCFIOA  was  stably  transfected 
with  HHR6B  expression  construct.  Rad6  expression  levels  in  the 
G418-selected  clones  were  evaluated  by  Western  blot  analysis,  RT- 
PCR  using  primers  specific  to  the  vector  and  the  exogenous  gene,  and 
Northern  analysis.  All  of  the  clones  overexpressed  HHR6B  mRNA  as 
compared  with  MCFIOA  cells  containing  the  empty  vector  (data  not 
shown);  however,  of  the  six  clones  analyzed  for  Rad6  protein  expres¬ 
sion,  four  clones  showed  overexpression  of  Rad6  protein  that  ranged 
from  approximately  10 -50-fold  higher  levels  than  those  of  vector- 
transfected  MCFIOA  cells  (Fig.  4a).  Clones  1  and  5  overexpressing 
Rad6  mRNA  (50-fold  higher  than  vector-transfected  parental  cells) 
and  protein  displayed  an  increase  in  the  number  of  cells  exhibiting 
nuclear  pleiomorphism,  multinucleated  phenotypes,  and  supernumer¬ 
ary  nucleoli  (Fig.  4b).  The  generations  of  multinucleated  cells  are 
probably  the  result  of  both  abnormal  mitosis  and  cell-cell  fusion. 
Evidence  for  the  latter  event  is  deduced  from  the  observation  that 
adjacent  nuclei  of  two  or  more  Rad6-overexpressing  cells  are  found 
frequently  to  polarize  toward  one  another  apparently  promoting  cell¬ 
cell  fusion  with  the  cell  membranes  separating  them  often  becoming 
less  prominent  (Fig.  4b).  It  is  interesting  to  note  that  whereas  parental 
MCFIOA  cells  showed  no  cells  with  polarized  nuclei  on  day  4  of 
plating,  Rad6-overexpressing  clones  1  or  5  frequently  displayed  cells 
with  two  or  more  polarized  nuclei  that  widely  ranged  from  5  to  25%, 
which  is  probably  reflective  of  dynamic  cell  behavior.  Quantitative 
analysis  of  multinucleated  cells  revealed  that  in  contrast  to  parental 


MCFIOA  cells  that  had  <0.4%  of  cells  containing  multiple  or  giant 
nuclei,  both  Rad6-overexpressing  clones  1  (14.5  ±  4;  P  <  0.005)  and 
5  (25.2  ±  8.9;  P  <  0.001)  exhibited  a  significant  increase  in  the 
percentage  of  cells  containing  multiple  or  giant  nuclei.  Although  a 
proportion  of  these  cells  undergo  senescence,  the  majority  retained 
their  proliferative  capacity  as  observed  by  expression  of  PCNA 
(Fig.  4c).  Colocalization  of  Rad6  with  PCNA  (Fig.  4c)  was  observed 
in  some  cells  implicating  the  intimate  association  that  Rad6,  a  DNA 
repair  protein,  might  have  with  DNA  replication  factors  during  the  S 
phase  of  the  cell  cycle. 

Constitutive  Overexpression  of  HHR6B  Protein  Induces  Cen- 
trosome  Amplification  and  Abnormal  Mitosis,  Because  HHR6B- 
overexpressing  MCFIOA  clones  exhibited  an  abnormal  increase  in  the 
number  of  multinucleated  cells  and  cells  with  pleiomorphic  nuclei,  we 
tested  whether  these  cells  displayed  alterations  in  centrosome  number. 
Quantitative  scoring  of  centrosomes  with  anti-y-tubulin  antibodies  in 
mitotic  and  nonmitotic  nuclei  revealed  the  presence  of  supernumerary 
centrosomes  in  constitutively  HHR6B -overexpressing  MCFIOA 
clones  1  and  5  as  compared  with  cells  transfected  with  the  empty 
vector.  Whereas  -98%  of  parental  MCFIOA  cells  contained  two  or 
three  centrosomes  per  cell,  —25%  of  HHR6B-overexpressing  clones 
displayed  more  than  four  centrosomes  per  cell  including  a  significant 
proportion  with  >10  centrosomes  in  clone  5  (Fig.  5,  a  and  b).  These 
cells  contained  either  a  single  giant  nucleus  or  multiple  multilobed 
nuclei.  Double  immunofluorescence  labeling  and  image-merging  ex¬ 
periments  demonstrated  colocalization  of  Rad6  with  centrosomes  in 
interphase  cells  and  at  each  spindle  pole  in  mitosis  (Fig.  5c).  Centro¬ 
some  amplification  observed  in  HHR6B-overexpressing  clones  was 
associated  with  a  4-8  fold  increase  in  the  number  of  multipolar 
mitosis  (more  than  three  and  up  to  six  spindle  poles)  as  compared  with 
MCFIOA  cells  transfected  with  control  vector  (Fig.  6,  a  and  b). 

Rad6  Protein  Is  Not  Associated  with  Mitotic  Condensed  Chro¬ 
mosomes.  Because  Rad6-overexpressing  clones  exhibit  a  greater 
tendency  for  abnormal  mitosis,  we  determined  whether  Rad6  pro¬ 
tein  was  associated  with  mitotic  condensed  chromosomes.  Divid¬ 
ing  MCFIOA  or  HHR6B -overexpressing  MCFIOA  cells  were  fixed 
and  stained  for  Rad6,  and  representative  cells  at  different  stages 
during  mitosis  were  examined.  Rad6  is  distributed  fairly  uniformly 
throughout  the  interphase  nuclei  either  diffusely  with  notable  ex¬ 
clusion  from  the  nucleolus  during  Go/Gj  phases  (Fig.  7,  panel  A) 
or  focally  concentrated  in  the  nucleolus  during  S  and/or  G2-phases 
(Fig.  7,  panel  B).  On  entry  into  mitosis,  i.e.,  after  the  breakdown  of 
the  nuclear  membrane,  Rad6  diffuses  throughout  the  cytoplasm, 
and  the  pattern  of  fluorescence  corresponds  to  the  shape  of  the  cell. 
However,  the  fluorescence  from  Rad6  is  clearly  reduced  in  corre¬ 
spondence  to  the  volume  occupied  by  the  condensed  chromosomes 
indicating  that  Rad6  is  not  associated  with  DNA  during  mitosis 
(Fig.  7,  panels  C-F).  After  cell  division  and  reformation  of  nuclear 
membranes  (Fig.  7,  panels  G  and  H),  Rad6  protein  is  redistributed 
throughout  the  nucleus  suggesting  that  the  protein  is  concentrated 
in  the  nuclei  by  passage  through  the  nuclear  membrane. 

HHR6B  Overexpression  Induces  Aneuploidy  as  Evidenced  by 
SKY.  To  determine  whether  the  multinucleated  phenotypes  and  ab¬ 
normal  mitosis  observed  in  HHR6B -overexpressing  MCFIOA  cells 
(Fig.  4)  correlated  with  chromosomal  rearrangements,  HHR6B-over- 
expressing  clones  1  and  5,  and  the  parental  vector-transfected 
MCFIOA  cells  were  analyzed  separately  by  SKY.  Although  clones  1 
and  5  retained  the  translocation  markers  t(5;9),  t(19;6),  and  t(3;17), 
and  trisomy  20  observed  in  parental  cells,  it  is  interesting  to  note  that 
both  the  HHR6B -overexpressing  clones  exhibited  a  tendency  to  lose 
chromosomes,  because  their  chromosomal  numbers  ranged  from 
42-48  for  clone  1  and  31-48  for  clone  5  as  compared  with  46-48  for 
vector-transfected  MCFIOA  cells  (Table  1).  Several  new  aberrations 
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analysis  of  Rad6  protein  expression  in  the  vcctor-nco  control  and  HHR6B-neo  transfectants  of  MCFIOA  cells  Lanes 
rJrnW  ^h  of  HHR6B -transfected  MCFIOA  cells  selected  by  G418  selection.  Variations  resulting  from  loading  differences  were  monitored  by  strippinc^  and 

antibody,  h,  overexpression  of  HHR6B  protein  induces  formation  of  multinuclcatcd  cells.  A  B.  and  C  are  pha.se  contrast  microoraphs  of 

Uhort  n  O  demonstrate  prejnee  of  polarized  nuclei  (-)  that  appear  to  promote  cell  fusion  with  resultant  formation  of  cells  with  multiple 

n!  Hp  P|eiomo^hic  (hn^  w  ute  arrose)  or  giant  (/o;ig  Hack  arrow)  nuclei  often  containing  supernumerary  nucleoli  (short  black  arrow).  Note  the  presence  of  apoptotic 

«nH  containing  multi^e  nuclei  (A).  C.  confluent  morphologies  of  conHuent  HHR6B-ovcrcxprcssing  MCFIOA  cells.  Bars.  I  ^m.  r.  immunofluorescence  analysis  ofLdb 

and  rtfar  MCF\0A  cells.  HHR6B-ovcrcxpressing  MCFIOA  clones  exhibit  intense  Rad6  stainins  in'cytoplasmic 

HHP^R  A  nucleated  (A)  and  multinuclcatcd  (D  and  C)  cells.  B.  E,  and  H  demonstrate  proliferative  potential  of  sinslv  and' mulLucleated 

f  ^  colocahzation  of  Rad6  and  PCNA.  Note  the  absence  of  colocalization  of  Rad6  and  PCNA  in  C  (short  white  arrow)  indicating  the 

Srcleltefcp'ilt'"'  ^  -‘-^nation  of  Itto  nuXi  en%  fror!.  a 

Telf  ^  localization  in  parental  MCFIOA  cells.  Note  colocalization  of  Rad6  with  PCNA  in  a  dividing  MCFIOA 


not  observed  in  parental  cells  were  also  found.  These  included  trans¬ 
locations  6;9»  16;1  in  100%  of  clone  1  and  trisomy  1  in  40%  of  mitotic 
clone  5  cells. 

HHR6B-overexpressing  MCFIOA  Clones  Exhibit  Anchorage- 
independent  Growth.  The  HHR6B  transfectants  were  characterized 
in  regard  to  in  vitro  growth  and  their  potential  for  transformation. 
Consistent  with  previous  reports  (14),  results  from  soft  agar  as.says 
showed  that  the  vector-transfected  MCFIOA  cells  failed  to  form 
colonies  in  soft  agar  even  if  grown  for  longer  periods  of  time.  On  the 
other  hand,  HHR6B-transfected  MCFIOA  cells  grew  in  soft  agar  as 
discrete  colonies.  Under  the  conditions  used  in  our  experiments, 
HHR6B-overexpressing  MCFIOA  clone  1  had  a  CFE  of  -10%  with 
50%  of  the  colonies  ranging  50-100  fxm  in  diameter.  HHR6B- 
overexpressing  clone  5  had  a  CFE  of  40%  with  -60%  of  the  colonies 
ranging  from  50-100  fim  and  a  third  of  them  with  diameter  >100 
p,m.  Interestingly,  whereas  a  majority  of  the  colonies  formed  by  clone 
5  cells  remained  viable  and  proliferative,  colonies  formed  by  clone  1 


exhibited  an  increa.se  in  tendency  to  undergo  apoptosis.  These  data 
suggest  that  constitutive  Rad6  overexpression  confers  the  ability  for 
anchorage  independent  growth;  however,  continued  survival  and  pro¬ 
liferation  of  the  colonies  are  dependent  on  additional  chromosomal 
alterations  incurred  by  cells. 

DISCUSSION 

Using  a  well-characterized  mouse  mammary  metastasis  model  sys¬ 
tem,  we  have  demonstrated  for  the  first  time  that  the  yeast  homologue 
of  Rad6,  a  ubiquitin-conjugating  enzyme  and  a  key  player  in  postrep¬ 
lication  repair  and  induced  mutagenesis  in  the  yeast,  is  overexpressed 
in  metastatic  tumor  sublines  and  exhibit  predominant  localization  in 
the  nuclei  of  metastatic  cells  as  compared  with  prevalent  cytoplasmic 
distribution  in  nonmetastatic  or  normal  mammary  cells.  This  abnor¬ 
mal  pattern  of  Rad6  protein  expression/localization  is  not  restricted  to 
breast  cancer  cell  lines,  because  human  breast  carcinomas  (DCIS  and 
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Fig.  5.  Centrosome  amplification  induced  by  HHR6B  overexpression,  a,  vector  control  (MCFlOA-neo)  and  HHR6B -overexpressing  MCFIOA  (clone  5)  cells  were  stained  for 
centrosomes  with  a  mouse  monoclonal  antibody  to  y-tubulin.  Arrowheads  indicate  a  cell  with  normal  centrosome  number;  arrow  indicates  cells  with  abnormal  centrosome  number. 
Because  the  centrosomes  are  on  different  planes,  it  is  not  always  possible  to  reveal  all  centrosomes  or  centrosomes  with  equal  staining  intensity  on  the  same  focal  plane.  Bars,  10  fim. 
b,  summaiy  of  centrosome  number  amplification  induced  by  HHR6B  overexpression.  Number  of  centrosomes  were  counted  in  MCFIOA  cells  stably  transfected  with  empty  vector  or 
vector  containing  HHR6B.  Data  are  expressed  as  the  means  of  four  independent  determinations;  bars,  ±  SE.  *,  P  <  0.005;  <  0.001.  c,  localization  of  Rad6  with  centrosomes 

during  interphase  and  mitosis.  MCFIOA  cells  were  fixed  and  stained  for  Rad6,  y-tubulin,  and  DNA  with  DAPI,  and  representative  cells  at  different  stages  during  cell  cycle  were 
examined.  Rad6  colocalizes  with  y-tubulin  within  centrosomes  during  interphase  {A,  A\  and  A"),  prophase  (B,  B',  and  B'%  metaphase  (C,  C,  and  C),  and  anaphase  (D,  D\  D")  phases 
of  mitosis.  Image-merging  analysis  of  Rad6  and  y-tubulin  staining  patterns  is  shown  at  the  right.  Note  that  fluorescence  from  Rad6  is  clearly  reduced  in  correspondence  to  the  volume 
occupied  by  condensed  chromosomes  indicating  that  Rad6  protein  is  not  associated  with  DNA  during  mitosis.  Bars,  10  ^m. 


invasive  cancers)  display  similar  patterns  of  Rad6  up-regulation  and 
nuclear  localization  suggesting  that  deregulation  in  expression  of 
Rad6  may  be  an  important  step  in  transformation  to  malignant  phe¬ 
notype. 

Because  the  antibody  used  in  our  studies  probably  fails  to  distin¬ 
guish  between  HR6A  and  B  forms  of  Rad6,  it  is  not  clear  whether  the 
elevated  levels  of  Rad6  protein  observed  in  metastatic  cells  are 
derived  from  either  one  or  both  forms  of  Rad6  genes.  It  is  also  not 
clear  whether  the  high  levels  of  Rad6  protein  and  its  predominant 
(aberrant?)  localization  in  the  nuclear  subcompartment  is  indicative  of 
its  role  as  a  direct  contributor  of  genomic  instability  and,  hence, 
progression,  or  whether  the  presence  of  elevated  levels  of  Rad6 
simply  reflect  the  increased  mutation  rates  in  malignant  tumors. 
Interestingly,  Rad6  protein  exhibits  notable  alterations  in  its  distribu¬ 
tion  in  the  interphase  and  mitotic  nuclei  that  is  compatible  with  its 
function  as  a  transcription  factor.  Stable  constitutive  overexpression 
of  HHR6B  in  near  diploid  normal-behaving  MCFIOA  cells  resulted  in 
generation  of  multinucleated  cells,  abnormal  centrosome  numbers, 
multipolar  mitosis,  and  transformation  in  vitro.  Although  the  mecha- 
nism(s)  responsible  for  generation  of  multinucleated  cells  (Le.,  abnor¬ 
mal  mitosis  and/or  cell-cell  fusion)  are  yet  to  be  determined,  one 
possibility  is  that  high  levels  of  Rad6  may  mediate  increased  ubiq- 
uitin-mediated  degradation  of  proteins  on  cell  membrane. 

Whereas  a  small  subset  of  cancers  exhibit  genetic  instability  pri¬ 
marily  at  the  nucleotide  level,  most  breast  cancers  exhibit  instability 
at  the  chromosomal  level  resulting  in  losses  and  gains  of  whole 
chromosomes,  or  large  portions  thereof  (22,  23),  That  Rad6  overex¬ 
pression  results  in  aneuploidy  is  confirmed  by  SKY  analysis,  because 
HHR6B-overexpressing  clones  1  and  5  were  found  to  have  fewer 


chromosomes  ranging  from  42-48  or  31-48,  respectively,  than  the 
parental  vector-transfected  MCFIOA  cells  that  had  46-48  chromo¬ 
somes,  Generation  of  aneuploidy  appears  to  be  an  initiation  step  in 
these  cells,  because  the  parental  MCFIOA  cells  are  near-diploid  and 
lack  the  ability  to  support  anchorage-independent  growth  in  soft  agar 
(14).  In  contrast,  Rad6-overexpressing  MCFIOA  cells  exhibit  a  devi¬ 
ation  from  the  normal  number  of  chromosomes,  and  show  centrosome 
amplification,  multipolar  mitosis,  and  the  ability  to  grow  in  soft  agar. 
Because  the  clones  analyzed  overexpress  up  to  50-fold  greater  levels 
of  Rad6  than  vector-transfected  parental  cells  and  ~  10-fold  greater 
levels  than  breast  cancer  cell  lines,  it  will  be  interesting  to  verify 
whether  cells  expressing  ectopic  Rad6  at  levels  observed  in  breast 
cancer  cell  lines  exhibit  aneuploidy  and  whether  these  effects  can  be 
negated  by  overexpression  of  mutant  rad6. 

Aneuploidy  is  the  predominant  class  of  genomic  instability 
found  in  breast,  colorectal,  prostate,  and  other  solid  cancers  in 
general  (24-27).  Given  the  relationship  of  centrosome  function  to 
cell  polarity  and  to  maintenance  of  genomic  integrity,  understand¬ 
ing  the  mechanisms  that  lead  to  aberrant  centrosomes,  their  inter¬ 
action  with  specific  proteins,  and  the  degree  and  nature  of  centro- 
somal  defects  may  have  predictive  value  in  regard  to  patient 
prognosis.  Centrosome  amplification  or  dysregulation  in  centro¬ 
some  duplication  results  in  assembly  of  aberrant  mitotic  spindles 
that  result  in  misegregation  of  chromosomes  and  aneuploidy  (28). 
That  Rad6  may  play  an  important  role  in  the  maintenance  of 
genomic  integrity  is  strengthened  by  the  observation  that  it  is 
associated  with  centrosomes  throughout  the  interphase  and  mitotic 
phases  of  the  cell  cycle,  and  displays  striking  changes  in  its 
distribution  during  different  stages  of  the  cell  cycle.  A  noteworthy 
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Fig.  6.  Abnormal  milosis  in  HHR6B-ovcrcx- 
prc.ssing  MCFIOA  cells,  a.  HHR6B-ovcrc,xpressing 
MCFIOA  clone  5  cells  were  fixed  and  stained  for 
y-lubulin  {red:  A~C.  E,  and  G-I)  or  DNA  with 
DAPI  {hhie;  D-F).  and  mitotic  cells  with  estab¬ 
lished  spindle  poles  were  examined.  Armn.v  indi¬ 
cate  cells  with  normal  bipolar  spindle  (A.  D,  C.  and 
F).  Note  the  presence  of  monopolar  (C).  tclrapolar 
(B,  E.  and  ff).  tripolar  (G).  and  hcxapolar  (I)  spin¬ 
dles.  Image-merging  of  y-tubulin  and  DNA  stain¬ 
ing  is  shown  in  f.  Bars.  10  /xm.  h,  summary  of 
aberrant  mitoses  induced  by  HHR6B  overexpres- 
sion.  Multipolar  (ahnonttal)  mitosis  (3  and  >3 
spindle  poles)  were  counted  in  vector-control 
iMCFIOA-neo)  and  HHR6B-ovcrcxprcssing 
{MCFJ0A-Rad6  clone  5).  and  results  expressed 
relative  to  the  total  number  of  mitotic  nuclei  scored 
from  300  cells.  Data  arc  the  means  of  three  inde¬ 
pendent  determinations:  bars.  ±  SD.  <  0.003. 
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consequence  of  Rad6  overexpression  is  abnormal  mitosis.  It  is 
conceivable  that  the  loss  of  chromosome(s)  evidenced  by  SKY 
analysis  resulted  from  multidirectional  forces  impacted  on  a  single 
chromosome  in  a  multipolar  spindle  (29).  Consequently,  the 
daughter  cells  would  receive  abnormal  numbers  of  chromosomes 
and  become  aneuploid  as  supported  by  our  SKY  data.  These  data 


show  that  HHR6B  overexpression  can  cause  aberrant  chromosomal 
partitioning  at  mitosis  culminating  in  a  catastrophic  loss  or  gain  of 
chromosomes  that  result  in  either  cell  death  or  survival  through 
malignant  transformation. 

Centrosomes  are  abnormal  in  number,  form,  and  function  in  a 
number  of  human  tumors  although  the  mechanisms  by  which 


'I  condensed  chromosomes.  Dividing  MCFIOA  (A  and  E~H)  or  HHR6B-ovcrexpressinc  MCFIOA  (B-D)  cells  were  fixed 

r  ‘u  •  (mclaphasc,  C  and  D; 'anaphase,  E  and  F-.  and  lelophase. 

PCNA  mo  Irl  AKo  noie^hn'l  '^’Ih  “k""m  the  nucleolus  in  A  (^)  and  its  appearance  in  the  nucleolus  in  B  (A),  which  coincides  with  its  colocali7,.ation  with 

corrcsnlnA'  f  k  lo'i:  Hint  after  the  breakdown  of  the  nuclear  memhranc,  Rad6  is  distrihuted  uniformly  throughout  the  cytoplasm,  and  the  pattern  of  green  fluore.scence 
iXSt  %  AA  “'a  •he  nuoreseenee  from  Rad6  is  clearly  reduced  in  correspondence  to  the  volume  occupied  by  condensed  chromosomes  (^) 

.hroughouuhl  nueIeus"D  ra^phlse  eontras^lerogrt.p"ro"f  C.  ^^distributed  uniformly 
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Table  1  SKY  analysis  of  vector-control  versus  HHR6B-overexpressmg  clones  of  MCFIOA  cells^ 


MCFlOA-neo 

MCF10A-Rad6  clone  5 

MCF10A-Rad6  clone  1 

Mitotic 

figure 

Chromosome 

no. 

Extra 

chromosome 

Chromosome 

no. 

Extra  chromosome 

Chromosome 

no. 

Extra  chromosome 

1 

47 

20(3) 

47 

20(3) 

46 

20(3),14(1) 

2 

48 

20(3),  10(3) 

48 

20(3),  1(3) 

46 

20(3),13(1) 

3 

46 

20(3),  10(1) 

43 

20(3),  22(1),  21(1),  18(3), 

13(1),  7(1),  6(1),  3(1),  1(3) 

41 

20(3), 15(1), 10(I),9(1), 
8(1),6(1),2(1) 

4 

46 

20(3),  3(1) 

48 

20(3),  1(3) 

48 

20(3), 6(3) 

5 

47 

20(3) 

48 

20(3),  19(3) 

45 

20(3),  18(0) 

6 

48 

20(3),  1(3) 

38 

20(3),  19(1),  15(1),  14(1), 

12(1),  11(1),  8(1),  7(1),  X(0) 

47 

20(3) 

7 

47 

20(3) 

40 

20(3),  19(0),  16(1),  10(1), 

5(1),  3(1),  X(l) 

48 

20(3),6(3) 

8 

47 

20(3) 

39 

20(3),  21(1),  18(1),  13(1), 

12(1),  11(1),  8(1),  6(3),  5(1), 

3(1),  1(1) 

44 

20(3),15(1),11(1),10(1), 

4(3),3(1) 

9 

47 

20(3) 

31 

partial 

45 

20(3),14(1),5(1) 

"  Alterations  involving  chromosomal  translocations  are  not  shown  here. 


centrosomal  anomalies  arise  is  unknown.  Phosphorylation  of  cen- 
trosomal  proteins  in  Drosophila  (29)  and  vertebrates  (30,  31)  have 
been  reported  to  influence  microtubule  nucleation  and  dynamics  at 
the  centrosomes  (32).  In  mammalian  cells,  cdc2,  NIMA,  and  PLKl 
kinases  have  been  implicated  in  centrosome  duplication,  matura¬ 
tion,  and  separation  (33-36).  Because  Rad6  protein  is  associated 
with  centrosomes  throughout  the  interphase  and  mitotic  phases  of 
the  cell  cycle,  Rad6  protein  may  play  an  important  regulatory  role 
via  regulated  ubiquitination  and  proteolytic  degradation  of  centro¬ 
somal  proteins.  Thus,  an  imbalance  in  the  levels  of  Rad6  protein  in 
the  cell  or  that  associated  with  centrosomes  could  lead  to  defects  in 
centrosome  duplication,  maturation,  and  function,  which  could 
induce  aneuploidy.  Taken  together,  these  data  suggest  that  centro¬ 
somes  may  provide  a  platform  for  assembly  and  functioning  of 
several  activities,  and  that  alteration  or  dysregulation  in  the  activ¬ 
ities  of  specific  molecules  could  directly  impact  centrosome  func¬ 
tion  as  part  of  tumorigenic  process.  Identification  of  natural  sub¬ 
strates  of  Rad6  on  centrosomes  will  help  in  understanding  its  role 
in  maintenance  of  centrosome  structure  and  function,  the  disrup¬ 
tion  of  which  could  result  in  anomalous  centrosome  amplification 
and  chromosome  segregation  in  tumor  cells.  These  may,  in  turn, 
provide  new  insights  in  development  of  new  drugs  for  therapy  of 
tumors  with  chromosome  instability. 

In  summary,  our  findings  suggest  that  Rad6  is  an  important  ubiq- 
uitin-conjugating  enzyme  that  may  play  a  significant  role  in  the 
maintenance  of  genomic  integrity  of  mammalian  cells  and  that  an 
imbalance  in  the  levels  and  activity  of  Rad6  could  lead  to  chromo¬ 
somal  instability  and  transformation  in  vitro. 
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The  HR6A  and  -B  genes,  homologues  of  the  yeast  Rad6  gene,  encode  ubiquitin-conjugating  enzymes  that  are 
required  for  postreplication  repair  of  DNA  and  damage-induced  mutagenesis.  Using  surface  plasmon  reso¬ 
nance,  we  show  here  that  HR6  protein  (referred  as  Rad6)  physically  interacts  with  p53.  Analysis  of  proteins 
coimmunoprecipitated  with  Rad6  antibody  from  metabolically  labeled  normal  MCFIOA  human  breast  epithe¬ 
lial  cells  not  only  confirmed  Rad6-p53  interactions  in  vivo  but  also  demonstrated  for  the  first  time  that 
exposure  of  MCFIOA  cells  to  cisplatin  or  adriamycin  (ADR)  induces  recruitment  of  pl4ARF  into  Rad6-p53 
complexes.  Further  analysis  of  ADR-induced  p53  response  showed  that  stable  Rad6-p53-pl4AOT  complex 
formation  is  associated  with  a  parallel  increase  and  decrease  in  monoubiquitinated  and  polyubiquitinated  p53, 
respectively,  and  arrest  in  gJm  phase  of  the  cell  cycle.  Interestingly,  the  ADR-induced  suppression  of  p53 
polyubiquitination  correlated  with  a  corresponding  decline  in  intact  Hdm2  protein  levels.  Treatment  of 
MCFIOA  cells  with  MG132,  a  26S  proteasome  inhibitor,  effectively  stabilized  monoubiquitinated  p53  and 
rescued  ADR-induced  downregulation  of  Hdm2,  These  data  suggest  that  ADR-induced  degradation  of  Hdm2 
occurs  via  the  ubiquitin-proteasome  pathway.  Rad6  is  present  in  both  the  cytoplasmic  and  nuclear  compart¬ 
ments  of  normal  MCFIOA  cells,  although  in  response  to  DNA  damage  it  is  predominantly  found  in  the  nucleus 
colocalizing  with  ubiquitinated  p53,  whereas  Hdm2  is  undetectable.  Consistent  with  in  vivo  data,  results  from 
in  vitro  ubiquitination  assays  show  that  Rad6  mediates  addition  of  one  (mono-)  to  two  (multimono-)  ubiquitin 
molecules  on  p53  and  that  inclusion  of  Mdm2  is  essential  for  its  polyubiquitination.  The  data  presented  in  the 
present  study  suggest  that  Rad6-p53-pl4ARF  complex  formation  and  p53  ubiquitin  modification  are  important 
damage-induced  responses  that  perhaps  determine  the  fidelity  of  DNA  postreplication  repair. 


Postreplication  DNA  repair  is  believed  to  function  during 
and  after  DNA  synthesis  when  unrepaired  lesions  in  the  tem¬ 
plate  strand  induce  stalling  of  the  DNA  replication  assembly, 
thereby  causing  gaps  in  the  newly  synthesized  strand.  The 
postreplication  repair  system  is  composed  of  two  separate  pro¬ 
cesses,  error-free  and  error-prone,  that  are  jointly  regulated  by 
the  Rad6  gene  and  are  designed  to  promote  the  completion  of 
DNA  synthesis  (30).  Error-prone  recovery  entails  a  mutagenic 
bypass  of  damaged  sites  by  a  specialized  DNA  polymerase 
dedicated  to  translesion  synthesis  (30),  whereas  error-free  re¬ 
covery  involves  bypass  by  template  switching  and/or  gap  filling 
by  recombination,  although  the  mechanism  of  error-free  repair 
has  not  been  fully  understood  (30,  31). 

The  Rad6  gene  encodes  a  17-kDa  protein  that  belongs  to  a 
group  of  ubiquitin-conjugating  enzymes  (E2)  that  covalently 
adds  ubiquitin  to  specific  lysine  residues  of  a  substrate  protein 
(24,  53).  All  functions  performed  by  Rad6  appear  to  result 
from  ubiquitination  since  replacement  of  the  conserved  Cys88 
with  serine  produces  a  totally  null  phenotype  (55,  56).  Muta¬ 
tions  in  Rad6  confer  extreme  sensitivity  toward  a  variety  of 
DNA-damaging  agents  but  are  defective  in  damage-induced 
mutagenesis  (43).  Rad6  is  highly  conserved  among  eukaryotes. 
Two  closely  related  human  DNA  repair  genes,  HHR6A  and 
HHR6B  (human  homologues  of  yeast  Rad6),  encode  ubiq- 
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uitin-conjugating  enzymes  and  complement  the  DNA  repair 
and  UV  mutagenesis  defects  of  the  Saccharomyces  cerevisiae 
rad6  mutant  (26).  HHR6A  and  HHR6B  share  95%  identical 
amino  acid  residues  and  are  localized  on  human  chromosome 
Xq24-q25  and  5q23-q31,  respectively  (27).  In  S.  cerevisiae,  er¬ 
ror-free  and  error-prone  lesion  bypass  require  Rad6  and 
Radl8  genes  (8,  41, 58,  59).  Radl8  is  a  zinc  finger  protein  with 
single-stranded  DNA-binding  activity  and  forms  a  complex 
with  Rad6  (3-5).  Recently,  a  human  homolog  of  Radl8  has 
been  identified  that  encodes  for  a  54-kDa  protein  and  forms 
stable  protein  complexes  with  both  HHR6A  and  HHR6B 
when  coexpressed  in  yeast  (61).  However,  proteins  relevant  to 
DNA  repair  that  are  ubiquitinated  by  Rad6  remain  unknown. 

Proteasomal  degradation  of  key  regulatory  proteins  control 
physiological  events  involving  cell  cycle,  differentiation,  DNA 
repair,  apoptosis,  and  immune  responses  (18).  Ubiquitination 
of  a  protein  involves  three  separate  enzymatic  activities  desig¬ 
nated  El  (ubiquitin-activating  enzyme),  E2  (ubiquitin-conju¬ 
gating  enzyme),  and  E3  (ubiquitin  ligase  [9, 18, 19]).  Ubiquitin 
is  first  activated  through  a  covalent  thiol  ester  linkage  to  El. 
The  activated  ubiquitin  is  transferred  to  one  of  the  several 
different  ubiquitin-conjugating  enzymes  (E2)  in  an  ATP-de- 
pendent  manner.  E2  then  functions  in  combination  with  an  E3 
ligase  to  transfer  ubiquitin  to  the  target  protein.  The  final 
ubiquitin  transfer  results  in  an  isopeptide  bond  between  the 
carboxyl-terminal  Gly  of  ubiquitin  and  the  e-amino  group  of  a 
Lys  residue  on  the  target  protein.  Whereas  monoubiquitina- 
tion  may  serve  as  targeting  or  localization  signal  (52),  further 
conjugation  of  ubiquitin,  usually  to  Lys48  of  the  previous  ubiq- 
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uitin  moiety,  results  in  the  formation  of  polyubiquitin  chains 
that  labels  the  substrate  for  selective  degradation  by  the  26S 
proteasome  (10,  12,  14).  Different  E2s  can  function  with  a 
given  E3.  Thus,  the  formation  of  different  E2-E3  complexes 
may  provide  additional  levels  of  substrate  specificity  (29). 

The  tumor  suppressor  p53  is  a  latent  and  highly  labile  tran¬ 
scription  factor  that  is  mutated  in  50%  of  human  tumors 
mainly  by  missense  mutation  in  the  DNA-binding  region.  It 
plays  a  central  role  in  maintaining  genomic  integrity  by  coor¬ 
dinating  cell  cycle  (25),  DNA  repair  (16),  and  programmed  cell 
death  in  response  to  DNA  damage  (32,  49).  In  normal  cells, 
p53  is  present  at  very  low  levels;  however,  in  response  to  DNA 
damage,  wild-type  p53  accumulates  in  the  nucleus  and  coordi¬ 
nates  a  change  in  the  balance  of  gene  expression  leading  to 
growth  arrest  or  apoptosis,  events  that  prevent  the  growth  or 
survival  of  damaged  cells.  Signals  arising  from  cellular  stresses 
trigger  a  complex  series  of  regulatory  events  in  the  p53  path¬ 
way  that  lead  to  increased  stability  of  p53  and  activation  of  its 
biochemical  functions  (15).  The  stability  and  half-life  of  p53 
are  tightly  regulated  by  Mdm2  and  the  ubiquitin-proteasome 
pathway  (2, 16, 28).  Binding  of  Mdm2  to  the  amino  terminus  of 
p53  (amino  acid  residues  19  to  26)  represses  p53  transcrip¬ 
tional  activity  (38,  39),  promotes  ubiquitination  of  p53  by  act¬ 
ing  as  the  E3  ubiquitin  ligase,  and  targets  p53  to  the  cytoplasm 
for  26S  proteasome-dependent  degradation  (17).  Disruption 
of  p53-Mdm2  complexes  is  a  pivotal  event  during  the  induction 
of  p53  and  is  sufficient  to  invoke  p53-mediated  gene  expression 
and  cell  c>^cle  arrest  (48).  The  increase  in  p53  is  thought  to 
result  from  pl4ARF  binding  to  the  Mdm2,  which  interferes 
with  p53-Mdm2  complex  formation  and  proteasome  degrada¬ 
tion  by  inhibiting  the  E3  ubiquitin  ligase  activity  of  Mdm2  (23 
28,  35). 

Here  we  show  that  Rad6  functions  in  cells  after  exposure  to 
DNA-damaging  agents  by  forming  supramolecular  complexes 
with  p53  and  pl4ARF  that  correlate  with  p53  stability.  Adria- 
mycin  (ADR)-induced  p53  response  in  normal  MCFIOA  hu¬ 
man  breast  epithelial  cells  is  accompanied  by  an  increase  in 
monoubiquitinated  p53  and  a  simultaneous  decrease  in  p53 
polyubiquitination  that  is  coincident  with  Hdm2  downregula- 
tion  via  the  ubiquitin-proteasome  pathway.  The  stable  Rad6- 
p53  interaction  observed  is  not  unique  to  MCFIOA  cells  since 
it  is  also  seen  after  ADR  treatment,  albeit  only  temporarily,  in 
metastatic  MDA-MB-231  human  breast  cancer  cells  that  ex¬ 
press  mutant  p53.  Results  from  in  vitro  ubiquitination  assays 
show  that  Rad6  mediates  limited  addition  of  ubiquitin  mole¬ 
cules  on  p53,  and  inclusion  of  Mdm2  is  essential  for  extending 
the  ubiquitin  chains.  The  data  presented  in  the  present  study 
suggest  that  (i)  p53  ubiquitination  is  an  important  and  regu¬ 
lated  damage-induced  modification  and  (ii)  the  accuracy  of 
postreplication  DNA  repair  process  may  be  determined  by  the 
stability  of  supramolecular  complexes  formed  between  Rad6 
and  proteins  of  the  p53  pathway. 

MATERIALS  AND  METHODS 

Cell  lines,  cell  culture,  and  drug  treatment.  MCFIOA  cells  are  normal-behav¬ 
ing  pscudodiploid  cells  that  lack  tumorigcnicity  in  nude  mice  and  arc  unable  to 
support  anchorage-independent  gro^Mh  (50).  The  metastatic  human  breast  can¬ 
cer  cell  line  MDA-MB-231  harbors  an  R280K  mutation  in  p53  (T.  Soussi,  p53 
mutation  database  [http://p53.curie.fr/])  and  was  purchased  from  the  American 
Type  Culture  Collection  (Manassas,  Va.).  MCFIOA  cells  were  maintained  in 


Dulbecco  modified  Eagle  medium  (DMEM)-F-12  medium  supplemented  with 
2.5%  horse  serum,  0.02  fxg  of  epidermal  growth  factor,  0.5  pg  of  hydrocortisone/ 
ml,  10  pg  of  in.sulin/ml,  O.I  pg  of  cholera  toxin/ml.  100  U  of  penicillin/ml,  and  100 
pg  of  streptomycin/ml.  MDA-MB-231  cells  were  grown  in  DMEM  supplemented 
with  10%  fetal  calf  scrum.  Cells  were  treated  with  ADR  (inhibition  concentra¬ 
tion  [IC50I  =  0.1  pg/ml  for  MCFIOA  or  0.5  pg/ml  for  MDA-MB-231)  for  1  h, 
rinsed,  and  replaced  with  fresh  medium  to  allow  recovery'  for  0  to  72  h.  For  p53 
or  Hdm2  ubiquitination,  the  proteasome  inhibitor  MGI32  (Calbiochem,  San 
Diego,  Calif.)  was  added  to  a  final  concentration  of  25  pM  to  the  culture  media 
of  untreated  or  ADR-treated  cells  3  h  before  lysates  were  prepared. 

Metabolic  labeling  and  immunoprecipitation.  Control  or  cisplatin-treated  (5 
pg/ml  for  6  h)  MCFIOA  cells  (5  X  10'’  cells  per  100-mm  dish)  were  incubated  in 
mcthioninc-frcc  DMEM-2%  dialyzed  fetal  bovine  serum  supplemented  with  100 
pCi  of  [L--^^S]-mcthioninc  (specific  activity,  1,083  Ci/mmol;  NEN  Life  Science 
Products).  Cells  were  labeled  for  3  h,  after  which  the  monolayers  were  gently 
rinsed  twice  with  phosphate-buffered  saline  and  lysed  with  lysis  buffer  (10  mM 
Tris-HCI,  pH  7.5,  150  mM  NaCI;  1%  Triton  X-100;  1  mM  phenylmelhylsulfonyl 
fluoride;  5  pg  of  Icupcptin,  aprotonin,  pepstatin,  and  chymostatin/ml;  1  mM 
sodium  orthovanadatc).  Aliquots  of  lysates  containing  equivalent  amounts  of 
^‘‘Sjmcthioninc  incorporated  into  trichloroacetic  acid-insoluble  material  (lO'^ 
cpm)  were  immunoprccipitatcd  by  incubating  them  overnight  with  Rad6  anti¬ 
body  or  nonimmunc  rabbit  immunoglobulin  G  (IgG).  Immune  complexes  were 
pelleted  by  incubating  them  with  protein  A/G-agarose  and  washed  several  times 
with  lysis  buffer.  Rad6-immunodepletcd  lysates  and  total  cellular  lysates  were 
subjected  to  immunoprecipitation  with  p53  Ab421  antibody,  and  immune  com¬ 
plexes  similarly  recovered  with  protein  A/G-agarose.  Bound  proteins  were  sol¬ 
ubilized  in  sodium  dodccyl  sulfate  (SDS)  buffer  and  subjected  to  SDS-polyacryl- 
amide  gel  electrophoresis  (PAGE).  Gels  were  either  processed  for  Western  blot 
analysis  with  polyclonal  p53  CM-1  antibody  or  for  fluorography. 

Antibodies,  immunoprecipitation,  and  Western  blot  analysis.  Control  or 
ADR-treated  MCFIOA  cells  harvested  after  0-,  2-,  4-,  8-,  24-,  48-,  or  72-h 
recovery  periods  were  lysed  as  described  above,  and  aliquots  of  lysates  containing 
100  pg  of  protein  were  then  either  subjected  to  Western  blot  analysis  of  Rad6, 
Rad  18,  p53,  pl4ARF,  Hdm2,  and  3-actin  or  to  immunoprecipitation  with  Rad6 
antibody.  Immune  complexes  were  pelleted  with  protein  A/G-agarose,  washed, 
and  subjected  to  SDS-PAGE  after  solubilization  in  SDS  sample  buffer  under 
reducing  or  nonreducing  conditions.  For  reprecipitation  experiments,  immune 
complexes  resulting  from  immunoprecipitation  with  Rad6  antibody  were  boiled 
in  100  pi  of  50  mM  Tris-HCI  (pH  7.5)-l%  SDS-5  mM  dithiothreitol  (DTT), 
diluted  10-fold  in  lysis  buffer,  and  rcprecipitated  with  antibodies  to  p53,  pl4ARF, 
Mdm2,  or  Rad  18.  p53,  pl4ARF,  Hdm2,  or  Rad  18  proteins  coprecipitated  with 
Rad6  antibody  were  detected  by  Western  blot  analysis  with  pAb42I,  pl4ARF, 
Mdm2,  or  Rad  18  antibody,  respectively.  To  examine  effects  of  the  26S  protea¬ 
some  inhibitor  MG  1 32  on  p53  ubiquitination,  cell  extracts  were  immunoprecipi- 
tated  with  p53  pAb421  antibody,  followed  by  Western  blot  analysis  with  p53 
CM-1,  and  antibodies  that  specifically  recognize  ubiquitin-protein  conjugates 
(FK2)  or  polyubiquitinated  proteins  (FKl)  but  not  free  ubiquitin.  Effects  of 
MG  132  on  Hdm2  ubiquitination  were  determined  by  We.stem  blot  analysis  with 
Mdm2  antibody.  Protein  bands  were  visualized  after  reaction  with  appropriate 
anti-rabbit  IgG,  anti-mouse  IgG,  or  anti-mouse  IgM  coupled  to  horseradish 
peroxidase  by  using  ECL  kit  (Amersham,  Arlington  Heights.  III.).  The  relative 
steady-state  levels  of  HHR6A/HHR6B,  RadlS,  pl4ARF,  p53,  or  Hdm2  to  p-ac- 
tin  bands  were  quantitated  with  a  scanner-densitometer  (model  300A  densitom¬ 
eter;  Molecular  Dynamics,  Sunnyvale,  Calif.).  Antibody  to  Rad6  was  generated 
by  multiple  immunizations  of  New  Zealand  White  rabbits  with  a  synthetic  pep¬ 
tide  (K  plus  amino  acid  rc.siducs  131  to  152;  accession  no.  NM_009458)  that  is 
conserved  100%  in  mouse  and  human  HR6B  and  91%  in  human  HR6A  (46). 
Since  the  antibody  is  unable  to  distinguish  between  HR6A  and  -B  forms  of  Rad6, 
the  17-kDa  proteins  detected  by  this  antibody  are  referred  to  as  Rad6.  p53  CM-1 
polyclonal  antibody  was  purchased  from  Novocastra  Laboratories,  Ltd.  (New¬ 
castle  upon  Tyne,  United  Kingdom);  p53  pAb421  and  pAbl801  antibodies  rec¬ 
ognize  epitope  on  amino  acids  372  to  382  and  amino  acids  46  to  55,  respectively; 
Mdm2  antibody  recognizes  an  epitope  in  the  N  terminus  of  Mdm2  and  was 
purchased  from  Oncogene  Science  (Cambridge,  Ma.ss.).  Other  antibodies  used 
were  specific  for  human  RadlS  (Imgenex,  San  Diego,  Calif.),  ubiquitin  (Zymed 
Labs,  San  Franci.sco,  Calif.),  ubiquitin-protein  conjugates  (FK2)  and  polyubiq- 
uitin-protein  conjugates  FKl  (AffinitI  Research  Products,  Ltd.,  Mamhead  Castle, 
United  Kingdom),  pl4ARF,  and  p-actin  (Oncogene  Science). 

Immunofluorescence  microscopy.  Control  or  ADR-treated  MCFIOA  cells 
were  grown  on  coverslips  and  fixed  in  methanol-acetone  (1:1  [vol/vol])  at  -20X. 
Cells  were  preincubated  with  2%  horse  serum-phosphate -buffered  saline  and 
then  incubated  with  anti-Rad6  antibody.  To  assess  colocalization  and/or  regula¬ 
tion  by  ADR  of  Radfi,  p53,  or  Hdm2  expression,  cells  were  stained  with  a  1:1 
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mixture  of  Rad6  and  p53  pAb421  antibodies,  pAb421  and  ubiquitin  antibodies, 
or  Rad6  and  Mdm2  antibodies.  Cells  were  washed,  and  Rad6,  ubiquitin,  p53,  or 
Hdm2  was  detected  with  fluorescein  isothiocyanate  (FITC)-conjugated  goat  anti- 
rabbit  IgG  or  Texas  red-conjugated  goat  anti-mouse  IgG.  Nonbinding  mouse  or 
rabbit  IgG  was  used  as  a  control  in  ail  double-labeling  experiments.  All  images 
were  collected  on  a  Olympus  BX-4  fluorescence  microscope  equipped  with  Sony 
high-resolution/sensitivity  charge-coupled  device  video  camera. 

Surface  ptasmon  resonance  assay.  p53-Rad6  interaction  studies  were  carried 
out  by  using  a  BIAcore  3000  surface  plasmon  resonance  instrument  (BIA- 
coreAB,  Uppsala,  Sweden).  All  of  the  experiments  were  carried  out  at  25®C  by 
using  a  constant  flow  rate  (5  fjLl/min)  of  running  buffer.  Glutathione  5-transferase 
(GST)-tagged  p53,  a  gift  from  H.  Yasuda  (School  of  Life  Science,  Tokyo  Uni¬ 
versity  of  Pharmacy  and  Life  Science,  Tokyo,  Japan)  was  affinity  purified  on  a 
glutathione-conjugated  Sepharose  4B  column  and  covalently  attached  to  CMS 
sensor  chip  surface  by  the  standard  amine  coupling  procedure.  Reactive  sites 
remaining  on  the  surface  were  blocked  by  reaction  with  ethanolamine.  Various 
concentrations  (50  to  1,000  nM)  of  human  recombinant  Rad6  (UbcH2;  Boston- 
Biochem,  Boston,  Mass.)  prepared  in  35-jjl1  portions  were  sequentially  injected 
into  20  mM  HEPES-150  mM  NaCl-3.4  mM  EDTA-0.05%  Tween  20  (pH  7.4) 
through  the  flow  cell.  Between  experiments,  the  sensor  chips  were  regenerated 
by  washing  them  with  two  pulses  of  20  mM  HCl,  followed  by  an  EXTRACLEAN 
procedure  that  was  done  as  recommended  by  the  manufacturer.  For  competition 
assays,  GST-p53  was  immobilized  on  the  sensor  chip,  and  Rad6  (400  nM)  was 
injected,  followed  by  the  immediate  injection  of  various  dilutions  of  Rad6  anti¬ 
body  or  corresponding  normal  rabbit  serum  (1:500, 1:2,000, 1:5,000,  or  1:10,000) 
by  the  coinjection  mode.  In  some  experiments,  anti-Rad6  antibody  (1:500)  or 
bovine  serum  albumin  (BSAj  400  nM)  was  injected  over  the  chip  containing 
immobilized  GST-p53  in  the  absence  of  Rad6.  Sensorgrams  were  prepared  and 
globally  fit  by  using  nonlinear  least-squares  analysis  and  numerical  integration  of 
the  differential  rate  equations  by  using  the  SPRevolution  software  package. 
Sensorgrams  were  generated  after  subtraction  of  the  signal  due  to  nonspecific 
binding  of  Rad6  to  the  control  chip.  Duplicate  injections  were  made  and  the 
response  units  reported  are  the  average  of  two  injections. 

Ubiquitination  assay.  Reactions  were  performed  in  the  presence  or  absence  of 
0.5  pg  of  affinity-purified  GST-Mdm2  (generous  gift  from  H.  Yasuda)  in  mix¬ 
tures  containing  100  ng  of  El,  0.5  pg  of  Rad6  (BostonBiochem),  0.5  pg  of 
purified  GST-p53,  and  10  pg  of  ubiquitin  in  20  mM  Tris-HCl  (pH  7.6)-50  mM 
NaCl-4  mM  ATP-10  mM  MgCl2-0.2  mM  DTP  for  2  h  at  30"C.  Reactions  were 
also  performed  in  the  absence  of  Rad6  to  determine  the  specific  effects  of  Rad6 
on  p53  ubiquitination.  Reactions  were  terminated  and  resolved  by  SDS-PAGE 
on  6%  or  8  to  16%  gradient  gels  under  reducing  and  nonreducing  conditions. 
Ubiquitinated  p53  products  were  visualized  by  Western  blot  analysis  with  p53 
GM-1-,  ubiquitin-,  or  polyubiquitin-specific  antibodies. 

Flow  cytometry.  Control  or  ADR-treated  MCFIOA  and  MDA-MB-231  cells 
were  trypsinized  into  single  cell  suspension,  fixed  in  ice-cold  70%  ethanol,  and 
stored  at  4'’C  until  required.  Before  analysis,  cells  were  resuspended  in  100  pg  of 
RNase  A  (Promega  Corp.,  Madison,  Wis.)/ml,  40  pg  of  propidium  iodide/ml,  and 
phosphate-buffered  saline.  Analysis  was  performed  on  a  Becton  Dickinson  flu¬ 
orescence-activated  cell  sorter  (FACScan). 

Deubiquitinating  enzyme  assay.  Deubiquitinating  enzyme  activity  in  control 
and  ADR-treated  MCFIOA  cells  exposed  to  MG132  was  measured  according  to 
the  method  of  Dang  et  al.  (13).  Briefly,  aliquots  of  cell  extracts  containing  25  pg 
of  protein  were  incubated  in  assay  buffer  (50  mM  HEPES-0.5  mM  EDTA  [pH 
7.8]  containing  0.1  mg  ovalbumin/ml  and  1  mM  DTT)  at  room  temperature  for 
30  min  to  allow  DTT-mediated  activation  of  isopeptidase  T  and  UCH-L3  prior 
to  the  addition  of  predetermined  concentration  (25  nM)  of  Ub-AMC  (Boston¬ 
Biochem).  Reaction  progress  was  monitored  by  measuring  the  increase  in  fluo¬ 
rescence  emission  at  460  nm  (Xex  =  380  nm)  that  accompanies  cleavage  of  AMC 
from  Ub-AMC  by  using  a  Hitachi  2000  fluorescence  spectrophotometer.  The 
specificity  of  ubiquitin-hydrolyzing  activity  measured  in  cell  extracts  was  con¬ 
firmed  by  preincubating  reactions  with  a  10-fold  excess  of  ubiquitin  aldehyde,  a 
ubiquitin  hydrolase  inhibitor  (BostonBiochem). 


RESULTS 

Treatment  with  a  DNA-damaging  agent  stabilizes  de  novo 
interaction  of  Rad6  with  p53  and  pl4ARF  proteins.  To  deter¬ 
mine  the  effects  of  DNA  damage  on  de  novo  expression  of 
Rad6,  normal  MCFIOA  cells  treated  with  cisplatin  (5  p-g/ml)  or 
untreated  were  metabolically  labeled  with  p^S]methionine  and 
analyzed  for  Rad6  expression  by  immunoprecipitation  with 
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FIG.  1.  De  novo  interaction  between  Rad6  and  p53.  Exponentially 

growing  MCFIOA  cells  were  either  untreated  or  treated  with  5  pg  of 
cisplatin/ml  for  6  h  and  then  incubated  in  methionine-free  E)MEM 
supplemented  with  100  pCi  of  [^^S]methionine  for  3  h.  Equivalent 
amounts  of  p^Sjmethionine-labeled  trichloroacetic  acid-precipitable 
proteins  were  immunoprecipitated  with  anti-Rad6  antibody  or  normal 
IgG,  and  immune  complexes  were  pelleted  by  incubating  with  protein 
A/G-agarose.  Rad6-immunodepleted  lysates  were  subjected  to  a  sec¬ 
ond  immunoprecipitation  with  p53  pAb421  antibody,  and  immune 
complexes  were  similarly  recovered  with  protein  A/G-agarose.  Bound 
proteins  were  resolved  by  SDS-PAGE,  followed  by  fluorography 
(A)  or  Western  blot  analysis  with  p53  CM-1  antibody  (B).  (A)  Lanes 
C  and  T,  control  and  cisplatin-treated  cell  extracts,  respectwely,  pre¬ 
cipitated  with  normal  IgG;  lanes  1  and  2,  control  and  cisplatin-treated 
cell  extracts,  respectively,  immunoprecipitated  with  anti-Rad6  anti¬ 
body;  lanes  3  and  4,  immunoprecipitation  of  Rad6-depleted  superna¬ 
tants  from  control  and  cisplatin-treated  cells,  respectively,  with 
pAb421  antibody.  (B)  Lanes  1'  to  4',  p53  CM-1  reactivity  of  corre¬ 
sponding  lanes  1  to  4  of  panel  A;  lanes  5'  and  6',  p53  CM-1  reactivity 
of  pAb421  immunoprecipitated  control  and  cisplatin-treated  cell  ex¬ 
tracts,  respectively.  Positions  of  Rad6,  pl4ARF,  and  p53  are  indicated. 
Note  the  presence  of  pl4ARF  coprecipitating  with  both  Rad6  (lane  2) 
and  p53  (lane  4)  antibodies  only  in  cisplatin-treated  cells. 


anti-Rad6  antibody.  Control  immunoprecipitations  were  per¬ 
formed  with  equivalent  amounts  of  normal  rabbit  IgG. 
Whereas  nonimmune  IgG  did  not  precipitate  17-kDa  proteins 
from  control  or  cisplatin-treated  lysates  of  MCFIOA  cells  (Fig. 
lA,  lanes  C  and  T),  immunoprecipitation  with  Rad6  antibody 
caused  similar  levels  of  de  novo-synthesized  Rad6  to  immuno- 
precipitate  from  both  control  and  cisplatin-treated  MCFIOA 
cells  (Fig.  lA,  lanes  1  and  2).  Besides  immunoprecipitating 
Rad6,  the  Rad6  antibody  effectively  coprecipitated  a  protein 
doublet  of  ~53  kDa  from  both  control  and  treated  cells  (Fig. 
lA,  lanes  1  and  2).  Since  functional  interactions  between  p53 
and  several  key  proteins  involved  in  DNA  repair  have  been 
reported  (7,  37,  60),  we  determined  the  identity  of  the  53-kDa 
protein  to  be  p53  by  subjecting  the  proteins  immunoprecipi¬ 
tated  by  Rad6  antibody  (Fig.  lA,  lanes  1  and  2)  and  those 
reimmunoprecipitated  from  Rad6-immunodepleted  superna¬ 
tants  by  p53  pAb421  antibody  (Fig.  lA,  lanes  3  and  4)  to 
Western  blot  analysis  with  p53  CM-1  antibody  (Fig.  IB,  lanes 
V  to  4').  The  relative  levels  of  p53  recovered  from  Rad6 
immunoprecipitates  (Fig.  IB,  lanes  V  and  2')  versus  Rad6- 
immunodepleted  supernatants  (Fig.  IB,  lanes  3'  and  4')  were 
determined  by  comparing  total  p53  levels  detected  from  cor¬ 
responding  samples  without  prior  immunoprecipitation  with 
Rad6  antibody  (Fig.  IB,  lanes  5'  and  6').  The  data  from  Fig.  IB 
show  that,  whereas  in  the  control  cells  ca.  80%  of  p53  was 
present  in  Rad6-immunodepleted  supernatants,  >50%  of  p53 
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FIG.  2.  Effects  ofADR  on  steady-slate  levels  of  Rad6,  Radis,  p.53, 

pl4ARF,  and  Hdni2  proteins.  MCFIOA  cells  were  treated  with  ADR 
(0.1  pg/ml)  for  1  h,  and  the  cultures  were  washed  and  replaced  with 
fresh  drug-free  medium  to  allow  for  recovery.  Cell  lysates  were  pre¬ 
pared  from  control  (untreated)  and  ADR-treated  cells  at  the  indicated 
time  periods  of  recovery.  Aliquots  of  cell  lysates  containing  100  p.g  of 
total  protein  were  subjected  to  SDS-PAGE  and  Western  blot  analysis. 
Immunoblots  were  reacted  with  antibodies  to  Rad6,  p53  pAb421, 
pl4ARF,  Mdm2,  Rad  18,  or  (3-actin  as  discussed  in  Materials  and 
Methods. 


was  found  to  be  associated  with  Rad6  after  exposure  to  the 
drug.  That  a  physical  interaction,  perhaps  regulated  by  DNA- 
damaging  agent,  occurs  between  Rad6  and  p53  is  further  con¬ 
firmed  by  coprecipitation  of  a  14-kDa  protein,  identified  to  be 
pl4ARF  by  Western  blot  analysis  (data  not  shown  and  Fig. 
5B),  by  both  Rad6  and  p53  antibodies  from  only  cisplatin- 
treated  MCFIOA  cells  (Fig.  lA,  lanes  2  and  4). 

Regulation  of  Rad6,  p53,  pl4ARF,  Hdm2,  and  RadlS  pro¬ 
tein  levels  by  ADR  treatment.  Since  results  from  Fig.  1  dem¬ 
onstrated  a  potential  de  novo  interaction  regulated  by  cisplatin 
between  Rad6,  p53,  and  pl4ARF,  we  examined  the  regulation 
of  Rad6,  Radis,  p53,  pl4ARF,  and  Hdm2  steady-state  levels 
in  normal  MCFIOA  cells  after  exposure  to  ADR,  a  potent 
anthracycline  and  topoisomerase  II  inhibitor  that  is  one  of  the 
most  widely  used  cancer  chemotherapeutic  drugs.  MCFIOA 
cells  were  either  left  untreated  or  treated  with  predetermined 
IC50  dose  of  ADR  (0.1  p.g/ml)  for  1  h;  cells  were  rinsed,  and 
cultures  were  incubated  with  fresh  drug-free  medium.  Cell 
lysates  were  prepared  from  untreated  samples  and  at  0-,  2-,  4-, 
8-,  24-,  48-,  and  72-h  recovery  periods  after  exposure  to  the 
drug  and  then  analyzed  for  Rad6,  RadlS,  p53,  pl4ARF,  and 
Hdm2  steady-state  levels  relative  to  3-actin  by  Western  blot 
analysis.  As  shown  in  Fig.  2,  an  inerease  in  Rad6  levels  was 
evident  at  8  h  of  recovery  and  steadily  increased  by  24  to  72  h 
posttreatment  to  approximately  two-  to  fivefold-higher  levels 
relative  to  the  untreated  eontrol  lysates.  Steady-state  levels  of 
RadlS  protein  exhibited  a  similar  regulation  profile  by  ADR 
treatment  and  reached  approximately  four-  to  sixfold-higher 
levels  relative  to  the  untreated  control  cells  by  8  to  72  h  of 
treatment  (Fig.  2).  Both  pl4ARF  and  p53  exhibited  dramatic 
and  steady  increases  that  were  evident  immediately  after  ex¬ 


ist  IP :  Rad6  +  +  +  + 

2nd  IP:  Mdm2  P53  p14«*F 

WB:  Rad6  Mdm2  P53  pld*'*'’ 

FIG.  3.  Rad6  interacts  with  p53,  pl4ARF,  and  Hdm2.  ADR- 
treated  MCFIOA  cell  extracts  (200  (xg  of  protein)  prepared  at  8  h  of 
recovery  were  subjected  to  immunoprecipitation  with  anti-Rad6  anti¬ 
body.  Immune  complexes  were  pelleted  with  protein  A/G-agarose, 
boiled,  and  reprecipitated  with  antibodies  to  p53  pAb421,  pl4ARF,  or 
Mdm2  as  described  in  Materials  and  Methods.  Coprecipitating  p53, 
p14ARF,  or  Hdm2  were  detected  by  Western  blot  analysis  with  anti¬ 
bodies  to  p53  (pAbISOl),  pl4ARF,  or  Mdm2.  The  positions  of  Hdm2, 
p53,  and  pl4ARF  that  coprecipitated  with  Rad6  are  indicated. 


posure  to  ADR.  Levels  of  pl4ARF  were  enhanced  5-fold  rel¬ 
ative  to  untreated  control  lysates  at  0  h  of  recovery  and  steadily 
increased  to  ~15-fold  by  48  to  72  h  posttreatment  (Fig.  2).  The 
p53  expression  pattern  after  ADR  exposure  mirrored  the 
pl4ARF  profile;  however,  levels  of  p53  were  upregulated  and 
were  maintained  at  ca.  25-  to  40-fold-higher  levels  relative  to 
the  eontrols  in  the  period  from  4  to  72  h  after  recovery  from 
drug  exposure.  Induction  of  p53  was  accompanied  by  a  simul¬ 
taneous  increase  in  the  appearance  of  p53  as  a  doublet  band, 
a  finding  that  may  indicate  a  posttranslational  modification  of 
p53  (Fig.  2).  Although  the  steady-state  levels  of  Hdm2  exhib¬ 
ited  a  modest  increase  after  drug  treatment,  maintenance  of 
higher  levels  of  intact  Hdm2  is  probably  impaired  by  the  si¬ 
multaneous  accumulation  of  several  lower-molecular-weight 
Mdm2-immunoreactive  proteins  (Fig.  2).  These  data  suggest 
that  ADR  significantly  enhances  Rad6,  Radl8,  pl4ARF,  and 
p53  proteins  with  only  modest  effects  on  Hdm2  levels. 

Intact  p53,  pl4ARF,  and  Hdm2  proteins  are  physically  com- 
plexed  with  Rad6.  Since  our  data  from  Fig.  1  and  2  have 
demonstrated  physical  interactions  between  de  novo-synthe- 
sized  Rad6,  p53,  and  pl4ARF  in  cisplatin-treated  cells  and 
similar  ADR-mediated  inductory  effects  on  Rad6,  pl4ARF, 
and  p53  proteins,  respectively,  we  investigated  whether  Rad6 
exists  in  vivo  as  part  of  a  supramolecular  complex  with  proteins 
of  the  p53  pathway  in  ADR-treated  MCFIOA  cells.  MCFIOA 
lysates  prepared  at  8  h  of  recovery  after  ADR  treatment  were 
subjected  to  immunoprecipitation  with  Rad6  antibody.  Lysates 
prepared  at  8  h  posttreatment  showed  that  Rad6,  p53, 
pl4ARF,  Hdm2,  and  Radl8  are  all  upregulated  (Fig.  2).  Rad6 
immunoprecipitates  were  washed,  boiled,  and  diluted  10-fold 
prior  to  reprecipitation  with  p53  pAb421,  pl4ARF,  Mdm2,  or 
Radi 8  antibodies.  The  results  (Fig.  3)  indicated  the  presence 
of  immunoprecipitable  Hdm2,  p53,  and  pl4ARF  in  Rad6- 
immunoprecipitated  proteins  from  ADR-treated  MCFIOA 
cells.  A  similar  analysis  of  control  MCFIOA  lysates  failed  to 
reveal  detectable  amounts  of  p53,  pl4ARF,  or  Hdm2  in  Rad6- 
immunoprecipitated  proteins  (data  not  shown).  These  data 
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FIG.  4.  Rad6  binds  to  p53  in  vitro.  (A)  Affinity-purified  p53-GST  was  immobilued  on  a  BIAcore  ^009  sensor ^ip.  Mdwious 
of  Rad6  protein  were  injected  over  the  chip  surface.  Curves  a  to  g  represent  binding  curves  obtained  with  50,  100,  200,  300  400,  6M  and  1,000 
nM  concLtrations,  respectively.  (B)  GST-p53  immobilized  chip  was  injected  with  400  nM  Rad6;  this  step  was  immediately  followed  by  ejection 
of  various  dilutions  of  anti-Rad6  antibody  by  the  coinjection  mode.  Curve  a  represents  Rad6  binding  m  the  abseni^  hindino 

represent  Rad6  binding  in  the  presence  of  1:10,000, 1:,5000, 1:2,000,  and  1:500  dilutions  of  anti-Rad6  antibody;  curves  f  and  g  represent  the  binding 
of  400  nM  BSA  or  a  1:500  dilution  of  anti-Rad6  antibody  alone,  to  immobilized  GST-p53  chip. 


suggest  the  presence  of  a  weak  interaction  between  Rad6  and 
proteins  of  the  p53  pathway  in  untreated  MCFIOA  cells  and 
that  drug-induced  effects  on  p53,  pl4ARF,  and  Hdm2  levels 
perhaps  stabilize  their  interaction  with  Rad6.  Radl8  was  not 
detectable  in  Rad6  immunoprecipitates  from  both  control  and 
ADR-treated  MCFIOA  lysates,  and  the  majority  of  Radl8  was 
detected  in  Rad6-immunodepleted  supernatants  (data  not 
shown).  Amino  acid  residues  141  to  149  at  the  carboxyl  termi¬ 
nus  of  Rad6  are  essential  for  Radl8  binding  (5);  thus,  immu- 
noprecipitation  with  the  Rad6  antibody,  which  recognizes  an 
epitope  on  amino  acids  138  to  152,  could  occlude  Rad6  inter¬ 
action  with  Radis. 

Rad6-p53  interactions  by  surface  plasmon  resonance  assay. 
Our  data  from  metabolic-labeling  and  immunoprecipitation 
experiments  (Fig.  1  and  3)  demonstrated  the  existence  of  phys¬ 
ical  interactions  between  endogenous  Rad6  and  p53  proteins. 
Surface  plasmon  resonance  was  used  to  verify  whether  there  is 
a  direct  interaction  between  p53  and  Rad6  proteins  or  whether 
this  association  is  dependent  on  the  presence  of  extraneous 
cellular  factors.  As  shown  in  Fig.  4A,  Rad6  showed  a  dose- 
dependent  increase  in  binding  to  immobilized  GST-p53,  sug¬ 
gesting  that  Rad6-p53  interaction  occurred  independently  of 
cellular  factors.  The  was  determined  from  the  association 
phase  of  binding  of  Rad6  to  immobilized  p53  by  using  the 
sensorgrams  obtained  with  different  concentrations  of  the  sol¬ 
uble  component  and  was  2.6  X  10^  s“‘.  Similarly,  was 

calculated  from  the  dissociation  phase  and  was  9.4  X  10“^  s  '■ 
These  data  suggest  that  Rad6  complexes  readily  with  p53,  and 
the  apparent  value  3.6  X  lO"®  M  is  in  the  range  of 

strong  interactions.  In  order  to  further  determine  the  specific¬ 
ity  of  the  Rad6-p53  interaction,  the  effects  of  various  amounts 
of  anti-Rad6  antiserum  or  the  corresponding  normal  rabbit 
serum  were  tested  on  binding  of  Rad6  (400  nM)  to  immobi¬ 
lized  GST-p53.  As  shown  in  Fig.  4B,  coinjection  of  Rad6  an¬ 
tibody  caused  a  dose-dependent  inhibition  in  the  binding  of 
Rad6  to  immobilized  GST-p53.  Whereas  the  injection  of  Rad6 
antibody  at  1:10,000,  1:5,000,  1:2,000,  or  1:500  produced  7, 
15.5,  25.2,  or  44%  inhibition  of  Rad6  binding  to  GST-p53, 


respectively  (Fig.  4B),  similar  coinjection  of  normal  rabbit  se¬ 
rum  failed  to  alter  Rad6  binding  to  immobilized  GST-p53 
(data  not  shown).  Direct  injection  of  Rad6  antibody  (1:500)  or 
BSA  into  immobilized  p53  failed  to  elicit  binding,  further  con¬ 
firming  the  specificity  of  binding  reactions  (Fig.  4B). 

Normal  breast  epithelial  cells  exhibit  ADR-mediated  stabi¬ 
lization  of  Rad6  complexed  p53.  Since  our  data  from  Fig.  3 
have  shown  a  direct  interaction  between  Rad6  and  proteins  of 
the  p53  pathway,  we  examined  the  effects  of  ADR  on  the 
stability  of  molecular  complexes  formed  between  Rad6  and 
p53  in  normal  MCFIOA  and  metastatic  MDA-MB-231  breast 
cells.  MDA-MB-231  and  MCFIOA  cells  were  chosen  since  they 
express  mutant  (T.  Soussi,  [http://p53.curie.fr/])  and  wild-type 
(47)  p53,  respectively.  MCFIOA  cell  lysates  prepared  from 
untreated  cells  and  at  0, 4,  24,  and  72  h  in  the  recovery  period 
after  ADR  treatment  were  subjeeted  to  immunoprecipitation 
with  Rad6  antibody,  and  immune  complexes  resolved  by  SDS- 
PAGE  were  assessed  by  Western  blot  analysis  with  antibodies 
to  p53  or  pl4ARF.  Complex  formation  was  tested  under  both 
nonreducing  and  reducing  conditions  to  determine  whether 
variations  in  size  and  immunoreactivity  to  specific  proteins  are 
detectable.  Consistent  with  ADR-induced  regulation  of 
pl4ARF  steady-state  levels  (Fig.  2),  the  results  (Fig.  5A) 
showed  that  no  Rad6-immunoprecipitable  pl4ARF  was  de¬ 
tectable  in  the  control  MCFIOA  cell  lysates.  However,  upon 
exposure  to  the  drug,  Rad6-immunoprecipitable  pl4ARF  was 
detectable  immediately  after  treatment  and  was  localized  to  an 
~150-kDa  band.  By  4  h  posttreatment,  pl4ARF  immunoreac¬ 
tivity  was  observed  as  a  broad  band  spanning  ca.  100  to  150 
kDa,  and  by  24  h  the  majority  of  pl4ARF  immunoreactivity 
was  increasingly  localized  to  the  100-kDa  band  (Fig.  5A). 
Analysis  of  the  corresponding  immunoprecipitates  in  the  pres¬ 
ence  of  p-mercaptoethanol  not  only  confirmed  the  presence  of 
pl4ARF  in  Rad6-immunoprecipitable  complexes  but  also  cor¬ 
roborated  DNA  damage-induced  effects  on  pl4ARF  recruit¬ 
ment  and  formation  of  Rad6-pl4ARF  complexes  observed  in 
Fig.  1. 

Similar  analysis  of  Rad6-p53  interaction  in  MCFIOA  cell 
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foH  h'  /nrf  rfh*"  ^®<^^;P53-P'4ARF  interactions.  MCFIOA  (A  and  B)  or  MDA-MB-231  (C,  D.  and  E)  cells  were  treated  with  ADR 

aliauots  of  cetl  mr  Jk  rn  ^rug-free  medium  as  described  in  Materials  and  Methods.  At  the  indicated  periods  of  recovery 
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extracts  from  untreated  control  and  0,  4,  24,  and  72  h  after 
ADR  treatment  revealed  the  presence  of  Rad6-immunopre- 
cipitable  pAb421-immunoreactive  p53  both  in  control  and 
ADR-treated  cells  (Fig.  5B).  These  data  suggest  that  Rad6-p53 
interaction  in  MCFIOA  cells,  unlike  that  observed  with 
pl4ARF,  is  not  contingent  upon  exposure  to  drug.  Rad6-im- 
munoprecipitable  p53  was  found  to  be  present  as  a  broad 
smear  spanning  ca.  100  to  150  kDa  (Fig.  5B).  Analysis  of  the 
corresponding  immunoprecipitates  under  reducing  conditions 
confirmed  the  presence  of  p53  in  Rad6-p53  (Fig.  5B). 

Although  equivalent  amounts  of  antibody  and  total  cellular 
proteins  were  included  in  each  immunoprecipitation,  it  is  in¬ 
teresting  that  the  sizes  of  molecular  complexes  formed  not  only 
reflect  a  supershift  caused  by  antibody  reaction  but  also  the 
stability  of  interactions  between  Rad6,  p53,  and  pl4ARF.  This 
is  evident  from  regulation  of  Rad6-p53  complex  formation 
observed  in  ADR-treated  metastatic  MDA-MB-231  breast 
cancer  cells  (Fig.  5C).  Analysis  of  Rad6-p53  interaction  in 
metastatic  MDA-MB-231  cell  extracts  from  untreated  controls 
and  0,  4,  24,  and  72  h  after  ADR  treatment,  revealed  the 
presence  of  detectable  Rad6-immunoprecipitable  pAb421-im- 
munoreactive  p53  in  an  ~160-kDa  band  only  in  drug-exposed 
cells  (Fig.  5C).  These  data  suggest  that,  unlike  in  normal 
MCFIOA  cells,  exposure  to  the  DNA-damaging  drug  is  re¬ 
quired  to  enhance  and/or  stabilize  Rad6-p53  interaction  in 
metastatic  MDA-MB-231  cells  (Fig.  5C).  Interestingly,  unlike 
in  MCFIOA  cells,  in  which  stable  complexes  of  Rad6-p53  were 
detectable  at  least  up  to  72  h  after  ADR  treatment,  a  75% 
decrease  in  Rad6-immunoprecipitable  p53  was  observed  at 
24  h  posttreatment,  and  by  72  h  negligible  p53  reactivity  was 
seen  under  nonreducing  conditions  (Fig.  5C).  The  presence  of 
p53  in  Rad6-immunoprecipitable  complexes  was  confirmed 


not  only  by  the  immunoreactivity  of  the  complex  with  p53 
antibody  but  also  by  derivation  under  reducing  conditions  of 
p53-immunoreactive  53-kDa  band  in  amounts  that  were  pro¬ 
portional  to  that  present  in  complexes  under  nonreducing  con¬ 
ditions  (Fig.  5C).  The  reduction  in  the  amounts  of  Rad6-p53 
complexes  observed  at  24  and  72  h  after  ADR  treatment  was 
not  due  to  inefficient  immunoprecipitation  by  Rad6  antibody, 
since  Western  blot  analysis  of  corresponding  Rad6  immuno¬ 
precipitates  showed  significant  amounts  of  Rad6  in  all  samples 
(Fig.  5D).  In  contrast.  Western  analysis  of  p53  steady-state 
levels  showed  p53  induction  in  ADR-treated  samples  at  0,  4, 
and  24  h  and  significant  reduction  at  72  h  posttreatment  (Fig! 
5E).  These  data  indicate  that,  although  ADR-induced  p53 
response  is  associated  with  an  upregulation  in  interaction  be¬ 
tween  Rad6  and  p53  in  metastatic  MDA-MB-231  cells,  pro¬ 
longed  maintenance  of  Rad6-complexed  p53  in  metastatic 
MDA-MB-231  cells  is  impaired,  in  contrast  to  the  situation  in 
normal  MCFIOA  cells. 

ADR  induces  Hdm2  degradation  via  the  ubiquitin-protea- 
some  pathway.  Since  the  results  of  Fig.  2  showed  ADR  to  exert 
dramatic  inductory  effects  on  Rad6,  p53,  and  pl4ARF  accu¬ 
mulation  and  modest  stimulatory  and/or  degradation-inducing 
effects  on  Hdm2  in  MCFIOA  cells,  we  investigated  whether 
ADR-induced  decline  in  Hdm2  occurs  via  the  ubiquitin-pro- 
teasome  pathway.  Lysates  of  control  and  ADR-treated 
MCFIOA  cells  were  subjected  to  immunoprecipitation  with 
Mdm2  antibody,  and  immune  complexes  resolved  by  SDS- 
PAGE  under  nonreducing  conditions  were  analyzed  by  West¬ 
ern  blotting  with  antibodies  to  ubiquitin  or  Mdm2.  The  results 
(Fig.  6A)  demonstrated  the  presence  of  a  prominent  Mdm2- 
immunoreactive  band  at  ~172  kDa  during  early  periods  of 
recovery  (0  to  4  h)  after  ADR  treatment  that  was  not  detect- 
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FIG.  6.  ADR  treatment  induces  Hdm2  degradation.  MCFIOA  cells  were  treated  with  ADR  for  1  h,  and  cultures  were  rinsed  and  incubated  with 
drug-free  medium.  Cell  extracts  prepared  at  indicated  periods  of  recovery  were  subjected  to  immunoprecipitation  with  Mdm2  antibody,  and 
immune  complexes  resolved  by  SDS-PAGE  under  nonreducing  conditions  were  analyzed  by  Western  blot  analysis  with  anti-Mdm2  (A)  or 
antiubiquitin  (B)  antibody.  (C)  Steady-state  levels  of  Hdm2  were  measured  by  Western  blot  analysis  of  extracts  prepared  at  the  indicated  times 
from  control  and  ADR-treated  MCFIOA  cells  pretreated  with  MG132  to  stabilize  Hdm2.  (D)  Distribution  and  colocalization  of  Rad6  and  Hdm2 
were  visualized  in  control  and  ADR-treated  MCFIOA  cells  at  2,  24,  and  72  h  of  recovery  by  immunofluorescence  staining  with  FITC-conjugated 
or  Texas  red-conjugated  secondary  antibody  for  Rad6  and  Mdm2,  respectively. 


able  in  control  cells  (data  not  shown).  At  24  h,  a  reduction  in 
the  signal  of  the  172-kDa  band  and  the  emergence  of  Mdm2- 
immunoreactive  110-  and  55-kDa  bands  were  observed.  By 
72  h,  the  intensities  of  the  172-  and  110-kDa  bands  decreased 
>90%  and  were  replaced  by  a  proportional  increase  in  a  band 
at  55  kDa  and  a  smaller  band  at  40  kDa.  When  the  same  blot 
was  stripped  and  reprobed  with  antiubiquitin  antibody,  a  sim¬ 
ilar  pattern  of  immunostaining  was  observed  (Fig.  6B).  Intense 
ubiquitin-immunoreactive  Mdm2-immunoprecipitable  bands 
were  observed  at  ^172  and  150  kDa  during  0  to  4  h  of  recov¬ 
ery,  followed  by  decreases  in  the  172-  and  150-kDa  bands  at 
24  h  and  subsequent  increases  in  bands  at  —110  and  55  kDa  at 
72  h  posttreatment  (Fig.  6B).  These  data  suggest  that  ADR 
treatment  may  facilitate  Hdm2  degradation  via  the  ubiquitina- 
tion  pathway. 

To  obtain  further  evidence  that  ADR-induced  Hdm2  ubiq- 


uitination  and  degradation  occur  via  the  26S  proteasome, 
MCFIOA  cells  were  treated  with  ADR  prior  to  treatment  with 
MG132,  a  26S  proteasome  inhibitor,  and  lysates  were  analyzed 
for  Hdm2  steady-state  levels  by  Western  blot  analysis  with 
Mdm2  antibody.  The  results  of  Fig.  6C  show  that  exposure  of 
ADR-treated  cells  to  MG132  resulted  in  the  accumulation  of 
>25-fold-higher  levels  of  intact  Hdm2  by  24  h  compared  to 
those  in  untreated  control  samples  or  during  early  periods  of 
recovery.  These  data  suggest  that  the  ADR-induced  degrada¬ 
tion  of  Hdm2  in  MCFIOA  cells  occurs  at  least  in  part  via  the 
ubiquitin-proteasome  pathway  since  the  decrease  in  intact 
Hdm2  levels  induced  by  ADR  (Fig.  6A  and  B)  can  be  rescued 
by  treatment  with  a  proteasome  inhibitor  (Fig.  6C). 

To  determine  whether  the  stabilization  of  Rad6-p53  com¬ 
plex  formation  observed  in  MCFIOA  cells  parallels  a  corre¬ 
sponding  decay  of  Hdm2,  we  examined  the  distribution  of 
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enhances  monoubiquitination  of  p53.  Control  and  ADR-trcated  cultures  were  pretreated  with  MG  1 32,  and  extracts  prepared  at 
the  indicated  time  points  were  subjected  to  immunoprecipitation  with  p53  pAb42I  antibody.  Immune  complexes  were  subjected  to  SDS  PAGE  and 

polyubiquitin-specific  FKl  (A),  p53  CM-1  (B  and  C),  or  ubiquitin-protein  conjugate -specific  FK2  (D)  antibodies 
Panels  B  and  C  show  an  overexposure  and  a  brief  exposure,  respectively.  The  positions  of  unubiquitinated  (->),  monoubiquitinated  (*)  and 
po  yubiqui  mated  (**)  p53  are  indicated.  (E)  Graphic  representation  of  relative  levels  of  nonubiquitinated  and  monoubiqu\inatedp53  versus 
^  or  polyubiquitin-spccific  FKl  antibodies,  respectively.  (F)  Deubiquitinating  enzyme  activity  in  control 

visualized  in  control  MCFIOA  cells  (subpanels  A  to  C)  and  at  72  h  of  recovery 
ThT"!  ®  f)  •’y  immunofluorescence  staining  with  FITC-conjugated  or  Texas  red-conjugated 
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Colocahzation  of  ubiquitin  and  p53  were  visualized  in  ADR-treated  MCFIOA  cells  with  FITC-conjugated  or  Texas  red-conjugated  secondary 
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Hdm2  and  Rad6  by  immunofluorescence  microscopy  in  con¬ 
trol  and  ADR-treated  MCFIOA  cells.  Hdm2  was  localized  in 
the  nucleus  and  excluded  from  nucleoli  in  untreated  MCFIOA 
cells  (Fig.  6D).  After  exposure  to  ADR,  i.e.,  at  2  h  of  recovery, 
Hdm2  levels  were  significantly  elevated  and  Hdm2  immunore- 
activity  was  localized  both  to  nuclear  bodies  and  nucleoli  (Fig. 
6D).  Consistent  with  immunoblotting  experiments  (Fig.  2),  a 
60%  decline  in  Hdm2  immunoreactivity  was  observed  in  the 
nuclei  at  24  h  posttreatment,  and  by  72  h  >90%  of  nuclei 
exhibited  only  diffuse  staining  in  the  nucleoplasm  and  substan¬ 
tial  staining  in  the  cytoplasm  (Fig.  6D).  Immunofluorescence 
localization  of  Rad6  in  control  MCFIOA  cells  revealed  diffuse 
staining  in  the  cytoplasmic  and  nuclear  compartments.  How¬ 
ever,  treatment  with  ADR  induced  a  preferential  redistribu¬ 
tion  of  Rad6  from  the  cytoplasm  to  the  nucleus  that  was  re¬ 
flected  by  detection  of  elevated  levels  of  Rad6  in  the  nucleus  at 
least  until  72  h  posttreatment  (Fig.  6D).  These  results  suggest 
that  ADR  exerts  opposing  effects  on  the  stability  of  Rad6  and 
Hdm2  in  MCFIOA  cells. 

ADR-stabilized  p53  is  ubiquitinated  and  coiocalizes  with 
Rad6  in  the  nucleus.  Since  treatment  of  MCFIOA  cells  with 
ADR  enhances  both  the  steady-state  levels  of  p53  and  Rad6 


and  prolongs  the  stability  of  Rad6-p53  complexes,  we  investi¬ 
gated  the  effects  of  ADR  on  in  vivo  p53  ubiquitination  status. 
Lysates  prepared  from  MCFIOA  cells  treated  with  ADR  prior 
to  treatment  with  MG  132  were  immunoprecipitated  with 
pAb421  antibody.  Immune  complexes  were  resolved  by  SDS- 
PAGE  and  subjected  to  Western  blot  analysis  with  antibodies 
specific  to  polyubiquitinated  protein  conjugates  (Fig.  7A),  p53 
CM-1  (Fig.  7B  and  C),  or  ubiquitin-protein  conjugates  (Fig. 
7D).  Analysis  of  p53  with  CM-1  antibody  in  control  and  ADR- 
treated  MCFIOA  cells  exposed  to  MG  132  revealed  that  the 
majority  of  p53  immunoprecipitated  with  the  p53  antibody  was 
ubiquitinated  since  overexposure  of  the  blots  was  necessaiy  to 
visualize  the  presence  of  normal  nonubiquitinated  p53  (Fig.  7B 
and  C).  Quantitation  of  relative  intensities  of  nonubiquitinated 
p53  showed  that  samples  at  8,  24,  48,  and  72  h  after  ADR 
treatment  contained  '^8-fold-higher  levels  of  p53  compared  to 
control  and  earlier  periods  of  post-ADR  treatment  (Fig.  7B). 
Short-time  exposure  revealed  that  ca.  15-  to  25-fold-higher 
levels  of  monoubiquitinated  p53  were  present  in  ADR-treated 
samples  at  8,  24,  48,  and  72  h  posttreatment  compared  to 
controls  or  at  0  and  4  h  after  ADR  treatment  (Fig.  7C).  In 
addition  to  the  62-kDa  p53  immunoreactive  band,  a  prominent 
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FIG.  7 — Continued. 


p53-immunoreactive  band  with  a  molecular  size  of  ~100  kDa 
was  also  detected,  the  latter  probably  comprising  p53  mole¬ 
cules  carrying  five  molecules  of  ubiquitin  (Fig.  7B).  The  levels 
of  polyubiquitinated  p53  in  control  and  at  0  h  after  ADR 
treatment  were  ~ 8-fold  higher  than  in  samples  at  4  and  8  h 
posttreatment  and  ~5-fold  higher  than  in  samples  at  24,  48, 
and  72  h  posttreatment  (Fig.  7B). 

Reprobing  the  blots  with  polyubiquitinated  protein-specific 
FKl  antibody  further  substantiated  that  the  100-kDa  p53-im- 
munoreactive  band  indeed  represented  polyubiquitinated  p53 
and  was  most  prominent  in  control  samples  and  in  samples  at 
0  h  post- ADR  treatment  (Fig.  7A).  It  is  interesting  that  al¬ 
though  nonubiquitinated  p53  was  not  detected  with  polyubiq- 
uitin-specific  antibody,  faint  bands  corresponding  to  62,  70,  80, 
and  90  kDa  were  detected  in  most  samples.  It  is  not  clear 
whether  these  bands  represent  nonspecific  immunoreactivity 
to  p53  molecules  with  limited  ubiquitination  or  multimono- 
ubiquitination.  Densitometric  analysis  of  the  FKl -reactive  100- 
kDa  band  indicated  its  presence  at  —10-fold-higher  levels  in 
control  samples  and  in  samples  at  0  h  post-ADR  treatment 
compared  to  samples  at  4,  8,  24,  48,  and  72  h  posttreatment. 


Immunoblotting  with  FK2,  an  antibody  that  recognizes  all 
ubiquitin-protein  conjugates,  showed  the  presence  of  >50- 
fold-higher  levels  of  monoubiquitinated  p53  in  ADR-treated 
samples  at  8, 24, 48,  and  72  h  posttreatment  compared  to  those 
in  control  samples  or  in  samples  at  0  and  4  h  post-ADR 
treatment  (Fig.  7D).  The  relative  levels  of  unubiquitinated  p53, 
monoubiquitinated  p53,  and  polyubiquitinated  p53  detected 
with  p53  CM-1  and  FKl  antibodies,  respectively,  are  graphi¬ 
cally  summarized  in  Fig.  7E.  These  data  indicate  that  p53  is 
polyubiquitinated  in  control  samples  and  during  the  initial 
periods  of  ADR  treatment.  However,  the  drug-induced  re¬ 
sponse  is  accompanied  by  a  decrease  in  polyubiquitinated  p53 
that  is  coupled  with  a  dramatic  and  concomitant  increase  in  the 
levels  of  monoubiquitinated  p53. 

In  order  to  determine  whether  the  increase  or  decrease  in 
monoubiquitinated  p53  versus  polyubiquitinated  forms,  re¬ 
spectively,  reflected  an  increase  in  deubiquitinating  enzyme 
activity  in  ADR-treated  cells,  we  measured  the  ubiquitin-hy- 
drolyzing  activity  in  control  and  ADR-treated  cells  at  0,  4,  8, 
24, 48,  and  72  h  of  recovery  according  to  the  assay  described  by 
Dang  et  al.  (13).  The  results  in  Fig.  7F  show  that  there  was  no 
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FIG.  8.  ADRtreatment  induces  differential  effects  on  cell  cycle  arrest  in  MCFIOA  and  MDA-MB-231  cells  Cell 

in  control  or  ADR-treated  MCFIOA  and  MDA-MB-231  cells  at  24,  48,  and  72  h  by  using  a  FACScan. 


cycle  progression  was  analyzed 


significant  difference  in  Ub-AMC-hydrolyzing  activity  between 
control  and  ADR-treated  samples  that  can  account  for  the 
high  levels  of  polyubiquitinated  p53  or  monoubiquitinated  p53 
in  control  and  ADR-treated  samples,  respectively.  Inclusion  of 
ubiquitin  hydrolase  inhibitor,  ubiquitin  aldehyde,  abolished  the 
Ub-AMC-hydrolyzing  capacity  of  the  extracts  by  >90%,  thus 
confirming  the  specificity  of  ubiquitin  hydrolase  (Fig.  7F). 
These  data  suggest  that  alterations  in  the  ratio  of  monoubiq¬ 
uitinated  p53  to  its  polyubiquitinated  forms  is  not  a  result  of  an 
increase  in  deubiquitinating  activity  but  rather  is  due  to  alter¬ 
ations  in  Hdm2  E3  ligase  activity  that  is  required  for  the  polyu- 
biquitination  of  p53. 

To  determine  the  cellular  localization  of  Rad6  and  p53  and 
to  confirm  whether  the  Rad6  complexed  p53  is  indeed  ubiqui- 
tinated,  we  probed  control  and  ADR-treated  (at  72  h  of  re¬ 
covery)  MCFIOA  cells  with  antibodies  to  Rad6,  p53,  or  ubiq¬ 
uitin.  Whereas  negligible  immunoreactivity  to  p53  was 
observed  in  untreated  cells  (Fig.  7GB),  exposure  to  ADR 
raused  a  dramatic  appearance  of  pAb421-immunoreactive  p53 
in  the  nucleoplasm  and  nucleoli  of  MCFIOA  cells  (Fig.  7GE 
and  GK).  Similarly,  treatment  with  ADR  induced  preferential 
accumulation  of  Rad6  in  the  nuclei  of  MCFIOA  cells  (Fig. 
7GD  and  GG  and  Fig.  6D)  compared  to  untreated  cells  that 
displayed  diffuse  Rad6  staining  in  the  cytoplasm  and  nucleus 
(Fig.  7GA  and  Fig.  6D).  Double  immunofluore.scence  labeling 
and  image-merging  experiments  demonstrated  the  colocaliza¬ 
tion  of  Rad6  with  p53  (Fig.  7GF),  p53  with  ubiquitin  (Fig. 
7GL)  and  Rad6  with  ubiquitin  (Fig.  7GI)  in  the  nucleoplasm 
and  nucleoli  of  ADR-treated  cells  when  Hdm2  was  undetect¬ 
able  (Fig.  6D).  These  data  not  only  confirm  the  results  from 
coprecipitation  studies  but  also  provide  further  evidence  for 
ADR-induced  effects  on  p53  ubiquitination,  colocalization  of 
p53  with  Rad6,  and  the  stability  of  Rad6-p53  complexes. 

We  next  examined  the  effects  of  ADR  on  cell  cycle  progres¬ 
sion  in  MCFIOA  and  MDA-MB-231  cells  since  both  cell  lines 
show  Rad6-p53  complex  formation  but  with  distinctly  different 
stabilities.  Treatment  of  MCFIOA  cells  with  0.1  pig  of  ADR/ml 
induced  Gj/M  cell  cycle  arrest  by  24  h  in  -90%  of  cells  that 
persisted  at  least  up  to  72  h  of  treatment,  whereas  similar 


analysis  of  untreated  MCFIOA  cells  at  corresponding  time 
points  revealed  normal  cell  cycle  progression  (Fig.  8).  Similar 
flow  cytometric  analysis  of  MDA-MB-231  cells  revealed  that 
51%  of  the  cells  arrested  in  Gj/M  at  24  h,  and  at  72  h  a 
majority  of  the  cells  (58%)  were  found  to  arrest  in  G(/G, 
compared  to  only  28%  in  the  Gj/M  phase  (Fig.  8). 

Demonstration  in  vitro  of  Rad6-  and  Mdm2-mediated  ef¬ 
fects  on  p53  ubiquitination.  Since  our  data  showed  that  (i)  a 
significant  amount  of  p53  is  associated  with  Rad6  in  ADR- 
exposed  MCFIOA  cells,  (ii)  ADR  induces  physical  colocaliza¬ 
tion  of  Rad6  with  p53  in  MCFIOA  nuclei,  (iii)  a  substantial 
amount  of  the  p53  present  in  the  nuclei  of  ADR  treated 
MCFIOA  cells  is  ubiquitinated  under  conditions  when  Hdm2  is 
undetectable,  and  (iv)  the  majority  of  the  posttranslationally 
stabilized  p53  in  ADR-treated  MCFIOA  cells  is  indeed  mo¬ 
noubiquitinated,  we  tested  the  effects  of  Rad6  singly  or  in 
combination  with  Mdm2  on  p53  ubiquitination  in  a  cell-free 
system.  Recombinant  Rad6  was  incubated  with  GST-p53  in  the 
presence  or  absence  of  GST-Mdm2  as  indicated  (Fig.  9).  Un¬ 
der  nonreducing  conditions,  El-Ub  thioesters  are  detectable 
both  in  the  presence  and  in  the  absence  of  p53,  and  El  per  se 
has  no  effect  on  p53  ubiquitination  (Fig.  9D).  Interestingly, 
although  thioester  intermediates  of  El-Rad6  are  readily  de¬ 
tectable  in  reactions  lacking  p53  (data  not  shown),  El-Rad6 
thioester  intermediates  were  not  observed  in  reactions  contain¬ 
ing  p53.  These  data  suggest  that  inclusion  of  a  suitable  ubiq¬ 
uitination  substrate  such  as  p53  may  promote  rapid  transfer  of 
activated  ubiquitin  to  the  substrate.  The  molecular  sizes  of 
ubiquitinated  p53  correspond  with  the  presence  of  one  or  two 
ubiquitin  molecules  (Fig.  9A).  The  effects  of  Rad6  on  p53 
ubiquitination  are  specific  since  assay  mixtures  not  containing 
Rad6  are  unable  to  mediate  transfer  of  ubiquitin  to  p53.  In¬ 
clusion  of  GST-Mdm2  into  reactions  containing  El  and  Rad6 
induced  polyubiquitination  of  p53,  as  confirmed  by  its  immu¬ 
noreactivity  to  ubiquitin  (Fig.  9A),  polyubiquitin  (Fig.  9B),  and 
p53  CM-1  (Fig.  9C)  antibodies.  These  data  suggest  that, 
whereas  Rad6  mediates  restrictive  ubiquitination  of  p53, 
Mdm2  functions  by  extending  ubiquitin  chains. 
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FIG.  9.  Effects  of  Rad6  and  Mdm2  on  p53  ubiquitination.  GST-p53 
was  incubated  with  ATP,  ubiquitin,  and  El  in  the  absence  or  presence 
of  Rad6  or  in  the  presence  of  both  Rad6  and  GST-Mdm2  as  indicated. 
Reactions  were  terminated  after  2  h  at  30°C  and  then  analyzed  by 
SDS-PAGE  under  reducing  (A  to  and  C)  or  nonreducing  (D)  condi¬ 
tions  and  by  Western  blot  analysis  with  ubiquitin  (A  and  D),  polyu- 
biquitin  (B),  or  p53  CM-1  (C)  antibody.  The  positions  of  ubiquitinated 
p53  are  indicated.  The  commercial  preparation  of  ubiquitin  contained 
significant  levels  of  diubiquitin  (D).  The  reactions  and  panels  B  and  C 
contained  El,  Rad6,  Mdm2,  ubiquitin,  ATP,  and  p53  (lane  3);  lacked 
Mdm2  (lane  2);  or  lacked  Rad6  and  Mdm2  (lane  1).  Note  the  forma¬ 
tion  of  fewer  ubiquitin-  or  p53-immunoreactive  bands  in  the  presence 
of  Rad6  as  opposed  to  the  formation  of  ubiquitin  (A)-,  polyubiquitin 
(B)-,  or  p53  CM-1  (C)-immunoreactive  bands  extending  to  the  top  of 
the  gel  in  reactions  containing  Rad6  and  Mdm2. 


DISCUSSION 

The  catalytic  activity  of  Rad6  as  a  ubiquitin-conjugating  en¬ 
zyme  is  essential  for  its  functions  in  DNA  repair  since  Rad6 
with  a  defective  catalytic  site  confers  hypersensitivity  to  a  va¬ 
riety  of  DNA-damaging  agents  (36,  42,  56).  However,  proteins 
relevant  to  DNA  repair  that  are  ubiquitinated  by  Rad6  besides 
histone  H2b  have  remained  unknown  until  recently.  While  this 
study  was  in  review,  Hoege  et  al.  (20)  demonstrated  that  pro¬ 
liferating  cell  nuclear  antigen  (PCNA),  a  DNA  polymerase 
involved  in  DNA  replication  and  repair,  is  a  substrate  of  Rad6- 
mediated  monoubiquitination  and  that  damage-induced 
PCNA  ubiquitination  is  essential  for  DNA  repair.  The  results 
from  the  present  study  provide  evidence  for  the  first  time  that 
Rad6  may  function  in  vivo  during  DNA  damage-induced  re¬ 
sponse  by  undergoing  stable  associations  with  proteins  of  the 
p53  pathway  that  ultimately  result  in  restrictive  ubiquitination 
of  p53.  Based  on  coimmunoprecipitation,  surface  plasmon  res¬ 
onance,  and  GST  pull-down  assays  (unpublished  data),  we 
have  demonstrated  that  Rad6  physically  interacts  with  p53  and 
that  this  interaction  is  not  dependent  on  Rad6's  ubiquitination 
status.  Thus,  Rad6  can  exist  in  complexes  with  p53  in  the  cells 
both  before  and  after  treatment  with  ADR.  However,  since 
ADR  treatment  induces  quantitative  and/or  qualitative  effects 
on  Rad6,  p53,  pl4ARF,  and  Mdm2  proteins,  the  levels  and 
stability  of  Rad6-p53  complexes  formed  in  vivo  may  be  subject 
to  regulation  by  ADR-induced  posttranslational  modifications. 
The  results  presented  here  are  also  more  relevant  to  the  clin¬ 


ical  situation  since  the  markers  of  drug-induced  response  are 
measured  at  various  times  of  recovery  or  repair  after  a  single 
exposure  to  the  damaging  agent  rather  than  at  different  time 
points  of  treatment. 

Rad6  is  known  to  attach  ubiquitin  directly  to  a  substrate 
protein  either  with  or  without  the  help  of  a  ubiquitin  ligase 
(54).  Results  from  in  vitro  ubiquitination  assays  clearly  show 
that  p53  ubiquitination  is  a  regulated  process,  wherein  Rad6 
mediates  limited  addition  of  ubiquitin  moieties  to  p53  and 
further  addition  of  ubiquitin  molecules  for  extension  of  ubiq¬ 
uitin  chains  is  dependent  upon  the  presence  of  Mdm2-medi- 
ated  E3  ligase  activity.  The  physiological  relevance  of  these  in 
vitro  data  is  underscored  by  results  from  in  vivo  experiments 
that  demonstrated  that  the  majority  of  ADR-stabilized  p53  in 
MCFIOA  cells  is  not  only  monoubiquitinated  and  physically 
complexed  with  Rad6  but  that  the  increase  or  decrease  in 
levels  of  mono-  versus  polyubiquitinated  p53  species,  respec¬ 
tively,  correlates  with  the  decline  in  intact  Hdm2  levels.  Thus, 
p53  protein  degradation,  but  not  its  monoubiquitination,  is 
impaired  during  the  ADR-induced  p53  response.  Unlike  other 
ubiquitin-conjugating  enzymes,  such  as  UbcH5  (22)  and 
UbcH7  (29),  that  efficiently  ubiquitinate  p53  in  vitro,  Rad6 
expression  is  inducible  by  a  variety  of  DNA-damaging  agents. 
These  results  suggest  a  unique  role  for  Rad6  in  p53  ubiquitin 
modification  and  DNA  damage  signaling  that  are  distinct  from 
other  known  ubiquitin-conjugating  enzymes  that  participate  in 
the  generation  of  degradation  signal  required  for  recognition 
by  the  26S  proteasome  (21). 

It  is  interesting  that  the  chemotherapeutic  drug  ADR  influ¬ 
ences  the  stability  of  p53  by  (i)  enhancing  p53  monoubiquiti¬ 
nation,  (ii)  interfering  with  the  cocompartmentalization  of  p53 
and  Mdm2  (62),  and  (iii)  inhibiting  p53  polyubiquitination  that 
is  required  for  nuclear  export  by  Mdm2  and  degradation  by  the 
proteasome  (57).  Thus,  DNA  damage-induced  p53  ubiquitin 
modification  may  serve  specific  function(s)  in  the  recovery 
process  rather  than  simply  be  a  tag  for  directing  proteasome 
degradation.  These  findings  are  consistent  with  previous  re¬ 
ports  that  have  described  ubiquitin  modifications  of  histone 
H2B  (45),  p53  (34),  and  histone  HI  (40)  that  do  not  lead 
directly  to  degradation.  Since  Hdm2  is  not  detectable  and  since 
high  levels  of  ubiquitinated  p53  are  found  to  colocalize  with 
Rad6  in  the  nuclei  of  ADR- treated  MCFIOA  cells,  it  remains 
to  be  determined  how  ubiquitinated  p53  is  regulated  in  dam¬ 
aged  cells. 

Although  expression  of  pl4ARF  is  not  linked  to  DNA  dam¬ 
age  (51),  our  data  show  that  ADR  exerts  similar  inductory 
effects  on  pl4ARF  protein  expression  as  on  p53  and  Rad6. 
Results  from  our  de  novo  metabolic-labeling  studies  clearly 
demonstrate  that  pl4ARF  recruitment  into  Rad6-p53  com¬ 
plexes  is  dependent  on  the  presence  of  cisplatin-induced  dam¬ 
age.  Since  Hdm2  is  degraded  at  least  in  part  via  the  ubiquitin- 
proteasome  pathway  in  ADR-treated  MCFIOA  cells,  it  is  not 
clear  whether  pl4ARF  functions  in  p53  stabilization  (44)  by 
inhibiting  E3  ubiquitin  ligase  activity  of  Hdm2  (23)  or  by  fa¬ 
cilitating  Hdm2  destabilization,  as  proposed  by  Zhang  et  al. 
(63).  ADR-induced  downregulation  of  Mdm2  via  mechanisms 
independent  of  the  proteasome  has  been  reported  (33);  how¬ 
ever,  these  results  conflict  with  the  present  data,  indicating 
variations  in  anthracycline-induced  responses  that  may  be  at¬ 
tributable  to  cell-specific  differences.  In  this  regard,  it  can  be 
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noted  that  proteasome-mediated  proteolysis  of  Mdm2  has 
been  reported  to  play  an  important  role  in  etoposide-induced 
early  downregulation  of  Mdm2  in  HL-60  cells  since  Mdm2 
levels  could  be  partially  restored  by  proteasome  inhibitors  lac- 
tacystin  and  LLnL  (11).  Although  the  precise  nature  and  reg¬ 
ulation  of  interactions  between  Rad6,  p53,  pl4ARF,  and 
Hdm2  remain  to  be  determined,  our  findings  from  both  coim- 
munoprecipitation  (endogenous  Rad6  and  p53  proteins)  and 
plasmon  resonance  (recombinant  Rad6  and  GST-p53)  studies 
suggest  that  Rad6  interacts  directly  with  p53  in  the  absence  of 
Hdm2  or  pl4ARF  and  that  the  stability  of  Rad6-p53  com¬ 
plexes  in  vivo  are  perhaps  subject  to  regulation  by  drug-medi¬ 
ated  effects  on  pl4ARF  and  Hdm2  levels. 

Although  the  region(s)  of  Rad6  molecule  interacting  with 
p53  is  currently  being  determined,  the  present  study  represents 
the  first  demonstration  of  an  in  vivo  correlation  between  ADR- 
induced  p53  response,  p53  ubiquitination  status,  pl4ARF  re¬ 
cruitment,  Hdm2  decay,  and  stabilization  of  interactions  be¬ 
tween  Rad6,  a  ubiquitin-conjugating  enzyme  and  DNA  repair 
protein,  and  p53.  Thus,  the  longevity  and  functionality  of  the 
DNA  damage-induced  p53  response  may  be  subject  to  regu¬ 
lation  by  the  levels  and  activity  of  Rad6,  proteins  of  the  p53 
pathway,  and/or  by  the  mutational  status  of  p53.  In  this  con¬ 
text,  it  is  interesting  that,  in  contrast  to  normal  MCFIOA  cells 
that  express  wild-type  p53  and  exhibit  stable  Rad6-p53  com¬ 
plex  formation  and  prolonged  G2/M  arrest,  metastatic  MDA- 
MB-231  human  breast  cancer  cells  express  mutant  R280K  p53, 
form  complexes  with  Rad6  with  transient  stability,  and  exhibit 
short-lived  G2/M  arrest.  DNA  damage  has  been  believed  to 
stabilize  p53  by  inducing  posttranslational  modifications  such 
as  phosphoiylation,  acetylation,  sumoylation,  or  ubiquitination 
(1).  Although  phosphorylation  of  p53  is  likely  to  be  an  impor¬ 
tant  determinant  of  p53  stability,  phosphorylation  of  amino 
and  carboxy  terminus  sites  of  p53  is  not  absolutely  required  for 
p53  stabilization  in  response  to  certain  DNA-damaging  agents. 
In  fact,  p53  mutated  in  all  potential  amino  and  carboxy  termi¬ 
nus  phosphorylation  sites  remained  susceptible  to  stabilization 
induced  by  UV  irradiation  and  actinomycin  D  (2,  6).  These 
data  suggest  that  stabilization  of  p53  in  response  to  various 
DNA  damaging  agents  is  not  likely  to  occur  through  a  single 
pathway  but  instead  may  involve  multiple  mechanisms  that  are 
unique  to  the  cell  and  individual  DNA-damaging  agents.  These 
mechanisms  may  include  regulation  of  Hdm2  expression  and 
stability,  interaction  of  Hdm2  with  enzymes  of  the  ubiquitin 
system,  regulation  of  Hdm2  E3  ligase  activity,  p53-Hdm2- 
pl4ARF  complex  formation,  Rad6-p53-pl4ARF-Hdm2  com¬ 
plex  formation,  p53  ubiquitination,  nuclear  export  of  p53,  and 
degradation  of  ubiquitinated  p53  by  the  proteasome.  Based  on 
our  data,  it  appears  that  the  chemotherapeutic  drug  ADR 
elicits  DNA  damage-induced  p53  response  by  influencing  sev¬ 
eral  of  these  steps  in  normal  MCFIOA  and  metastatic  MDA- 
MB-231  breast  cells. 

Radis  has  been  proposed  to  act  to  load  or  target  Rad6  to 
sites  of  DNA  damage  where  its  ubiquitin-conjugating  activity 
could  subsequently  modify  the  stalled  DNA  replication  com¬ 
plex  (3).  In  the  yeast,  complex  formation  between  Rad6  and 
Radis  is  believed  to  be  important  during  error-free  and  error- 
prone  lesion  bypass;  however,  the  mechanism  by  which  this 
complex  participates  in  lesion  bypass  processes  remains  to  be 
determined.  Residues  141  to  149  at  the  carboxyl  terminus  of 


Rad6  are  essential  for  Rad  IS  binding  (5);  thus,  immunopre- 
cipitation  with  a  Rad6  antibody  directed  to  the  carboxyl  end 
appears  to  have  impeded  Rad6-RadlS  binding.  Since  ADR 
exerts  similar  inductory  effects  on  Rad6  and  RadlS,  studies 
utilizing  different  Rad6  antibodies  are  necessary  to  determine 
whether  RadlS  is  a  significant  component  of  the  supramolecu- 
lar  complexes  formed  between  Rad6  and  proteins  of  the  p53 
pathway. 

In  summary,  our  findings  suggest  that  ubiquitin  modification 
mediated  by  Rad6  may  be  an  important  regulator  of  p53  ac¬ 
tivity.  RNAi  experiments  are  under  way  to  confirm  whether 
Rad6  is  a  major  regulator  of  p53  ubiquitination  in  drug-treated 
cells.  Although  very  little  is  known  about  the  mechanisms  reg¬ 
ulating  error-free  versus  error-prone  postreplication  repair, 
our  data  suggest  that  maintenance  of  stable  Rad6-p53  interac¬ 
tions  and  monoubiquitinated  p53  resulting  in  the  prolonged 
presence  of  the  DNA  damage  sensor,  may  be  one  such  mech¬ 
anism.  Thus,  alterations  in  Rad6  levels  and/or  activity  or  mu¬ 
tations  in  p53  that  can  potentially  disrupt  or  influence  the 
stability  of  Rad6-p53  interactions  can  lead  to  transitory  G2 
arrest  and  increased  promiscuous  repair.  Modulation  of  this 
interaction  during  DNA  damage-induced  cellular  response, 
such  as  by  Rad6-mediated  p53  monoubiquitination,  may  serve 
to  regulate  and  guarantee  the  fidelity  of  postreplication  repair. 
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Abstract 


The  HR6A  and  -B  genes,  homologues  of  the  yeast  Rad6  gene,  encode  ubiquitin  conjugating  enzymes 
that  are  required  for  postreplication  repair  (PRR)  of  DNA  and  damage-induced  mutagenesis.  We 
show  here  that  consistent  with  its  role  as  a  PRR  protein,  HR6  protein  (referred  as  Rad6)  expression 
is  cell-cycle  regulated  with  maximal  levels  expressed  in  late  S/G2  phases  of  the  cell  cycle.  Exposure 
of  MCFIOA  cells  to  adriamycin  (ADR)  causes  enhancement  in  levels  of  Rad6  mRNA  and  protein 
that  is  accompanied  by  an  increase  in  localization  of  Rad6  in  the  nucleus.  Using  in  vivo  cross-linking 
experiments,  we  demonstrate  that  the  preferential  nuclear  localization  of  Rad6  protein  observed  in 
ADR-treated  MCFIOA  cells  is  indeed  associated  with  an  increase  in  distribution  of  Rad6,  Radi 8, 
p53  and  PCNA  proteins  to  the  DNA.  Inclusion  of  actinomycin  D  abolished  both  basal  and  ADR- 
induced  Rad6  transcription  indicating  that  ADR-induced  effects  on  Rad6  transcription  resulted  from 
an  increase  in  transcriptional  activity  rather  than  from  its  effects  on  Rad6  mRNA  stability.  The 
increase  in  Rad6  protein  expression  observed  in  ADR-treated  cells  is  dependent  upon  transcription 
and  de  novo  protein  synthesis  as  addition  of  actinomycin  D  and  cycloheximide  eliminated  the 
induction  effects.  MCF 1 0 A  cells  engineered  to  overexpress  ectopic  Rad6  exhibit  resistance  to  ADR 
and  cisplatin  whereas  MCF  1 0  A  cells  stably  transfected  with  antisense  Rad6  display  hypersensitivity 
to  these  DNA  damaging  drugs.  Analysis  of  PRR  capacities  of  parental  MCFIOA  cells,  MCFIOA- 
Rad6  and  MCFlOA-antisense  Rad6  cells  following  cisplatin  treatment  showed  that  the  differences 
in  sensitivity  to  the  drug  correlated  with  poor  ability  to  tolerate  DNA  damage,  as  cells  expressing 
antisense  Rad6  displayed  impaired  ability  to  convert  newly  synthesized  DNA  to  higher  molecular 
weight  species  as  compared  to  MCFIOA  and  MCF10A-Rad6  cells.  Although  no  human  diseases 
have  been  linked  to  mutations  in  PRR  pathway  genes,  these  data  suggest  that  Rad6  may  play  an 
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essential  role  in  DNA  damage  tolerance  and  recovery  via  modulation  of  PRR,  and  that  imbalances 
in  levels  of  Rad6  could  lead  to  changes  in  drug  sensitivity  and  damage-induced  mutagenesis. 
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Introduction 


Many  endogenous  and  exogenous  agents  are  capable  of  damaging  DNA.  DNA  lesions  are  subject 
to  removal  by  DNA  repair  pathways.  Many  of  the  otherwise  lethal  replication-blocking  lesions  are 
typically  repaired  by  nucleotide  excision  repair  and  base  excision  repair  pathways.  However,  these 
mechanisms  cannot  often  repair  lesions  in  the  genome  due  to  limited  repair  capacity  or  poorly 
recognized  damage.  During  DNA  replication,  unrepaired  lesions  can  impose  road  blocks  for  the 
replication  machinery.  If  these  pathways  are  saturated  or  imable  to  repair  such  lesions  prior  to  the 
onset  of  S  phase,  cell  death  could  ensue.  To  prevent  cell  death  in  such  circumstances,  all  cells 
contain  DNA  damage  tolerance  pathways.  DNA  damage  tolerance  acts  to  reinitiate  replication  in  the 
presence  of  damage,  without  lesion  removal.  This  better  “safe  than  sorry  philosophy”  has  apparently 
been  adapted  by  all  organisms  and  this  genetic  network  is  highly  conserved  throughout  evolution 
(Broomfield  et  al,  2001). 

In  the  yeast  Saccharomyces  cerevisiae,  lesion  bypass  is  composed  of  error-free  and  error-prone 
repair  processes  that  are  jointly  regulated  by  Rad6  and  designed  to  promote  the  completion  of  DNA 
synthesis  (Lawrence,  1994).  Not  only  does  the  Rad6  pathway  account  for  a  substantial  fraction  of 
budding  yeast’s  resistance  to  DNA-damaging  agents,  but  is  also  responsible  for  the  generation  of 
mutations  induced  by  such  damage  (Lawrence,  1982). 

The  Rad6  gene  encodes  a  17  kDa  protein  (Reynolds  et  al,  1985)  which  is  one  of  a  group  of 
ubiquitin  conjugating  (E2,  UBC)  enzymes  (Jentscher  al,  1987)  that  covalently  adds  ubiquitin  to 
certain  lysine  residues.  The  yeast  Cdc34  (UBC3)  E2  is  required  for  G1  to  S  phase  transition  of  the 
cell  cycle  (Goebl  et  al,  1 988)  whereas  the  yeast  Rad6/UBC2/E2  is  involved  in  a  variety  of  processes 
including  DNA  repair,  mutagenesis  and  cell  proliferation  (Haynes  and  Kunz,  1981).  The  Rad6 
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pathway  regulates  posttranslational  modification  of  target  proteins  with  Ub,  which  commits  them  to 
rapid  proteolysis.  rad6  mutants  possess  an  extremely  pleiotropic  phenotype  that  includes  slow 
growth,  severe  defects  in  induced  mutagenesis,  extreme  sensitivity  to  UV,  X-ray  and  chemical 
mutagens,  and  hypersensitivity  to  antifolate  drug  metabolites  (Prakash  et  al,  1990).  The  diversity  of 
the  phenotypes  of  rad6  mutants  suggests  that  the  Rad6  gene  product  is  central  to  cell  cycle 
regulation.  All  the  fimctions  performed  by  Rad6  protein  appear  to  result  fi'om  ubiquitination  since 
replacement  of  the  conserved  Cys  88  with  serine  produces  a  totally  null  phenotype  (Sungct  al,  1 990; 
Sung  et  fl/,  1991). 

That  DNA  recovery  processes  analogous  to  yeast  exist  in  humans  is  reinforced  by  the  discovery 
of  human  homologs  of  the  Rad6  gene  (Koken  et  a/,1991).  Unlike  in  yeast  and  Drosophila,  the  Rad6 
human  homolog  is  encoded  by  two  genes  HHR6A  (Rad6A)  and  B  (Rad6B)  that  complement  the 
DNA  repair  and  UV  mutagenesis  defects  of  the  yeast  rad6  mutant  (Koken  et  al,  1991).  Rad6A  and 
Rad6B  share  ~  96%  identical  amino  acid  residues  and  are  localized  on  human  chromosome  Xq24- 
q25  and  5q23-q31,  respectively  (Koken  et  al,  1992).  The  human  and  yeast  RAD6  homologs  share 
~70%  sequence  identity.  Both  human  Rad6  genes  have  overlapping  constitutive  fimctions  related  to 
chromatin  conformation  that  involve  ubiquitin-mediated  histone  degradation  (Koken  et  al,  1996). 
In  whole  animal  studies,  loss  of  the  mouse  Rad6B  gene  results  in  male  infertility  due  to  impaired 
spermatogenesis  (Roest  et  al,  1996)  which  is  postulated  to  result  from  defects  in  histone 
ubiquitination  and  chromatin  modification  (Koken  et  al,  1996). 

HR6B  or  Rad6B  is  overexpressed  in  mouse  and  human  breast  cancer  lines  and  tumors,  and 
constitutive  overexpression  of  Rad6B  induces  formation  of  multinucleated  cells,  centrosome 
amplification,  abnormal  mitosis,  aneuploidy  and  transformation  (Shekhar  et  al,  2002).  Following 
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exposure  of  human  breast  epithelial  cells  to  DNA  damaging  drugs,  Rad6  is  found  to  exist  in 
supramolecular  complexes  with  p53  and  pHARP,  and  the  stability  of  the  complexes  appears  to 
correlate  with  p53  stability  (Lyakhovich  and  Shekhar,  2003).  Thus,  Rad6  appears  to  be  an  important 
ubiquitin  conjugating  enzyme  that  may  play  a  significant  role  in  the  maintenance  of  genomic 
integrity  of  mammalian  cells.  Imbalances  in  the  levels  and  activity  of  Rad6  lead  to  chromosomal 
instability  and  transformation  in  vitro  (Shekhar  et  al,  2002).  To  further  elucidate  the  functional  role 
of  Rad6  in  normal  human  breast  cells,  we  have  evaluated  the  regulation  of  its  expression  during  cell 
cycle  and  DNA  damage-induced  responses,  its  recruitment  to  the  chromatin  following  DNA  damage, 
and  the  consequences  of  Rad6  overexpression  or  depletion  on  postreplication  repair  capacity  and 
sensitivity  to  commonly  used  chemotherapeutic  drugs.  Our  results  show  that,  consistent  with  its  role 
as  a  postreplication  repair  (PRR)  protein,  maximal  levels  of  Rad6  are  expressed  during  late  S/G2 
phase  of  cell  cycle,  and  that  adriamycin  (ADR)-stimulated  increases  in  Rad6B  mRNA  expression 
occur  at  the  transcriptional  level.  The  ability  of  MCFIOA  human  breast  epithelial  cells  to  tolerate 
DNA  damage  induced  by  ADR  and  cisplatin  correlates  with  Rad6  expression  levels  and  PRR 
capacities  in  that  cells  stably  transfected  with  antisense  Rad6B  expression  vector  are  PRR- 
compromised  and  hypersensitive  to  the  drugs.  These  findings  suggest  an  important  role  for  Rad6  in 
normal  human  breast  cells  and  imply  that  Rad6  overexpression  frequently  found  in  human  breast 
cancers  could  potentially  impact  the  fidelity  of  PRR  pathways  and  hence  the  chemosensitivity  of 
cancer  cells. 

Results 
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Regulation  of  Rad6  expression  during  cell  cycle.  In  order  to  determine  the  steady-state  levels  of  Rad6 
protein  expression  during  cell  cycle,  MCF 1 OA  cells  were  synchronized  by  serum  starvation  followed 
by  release  into  complete  growth  medium.  Cells  harvested  at  various  periods  following  release  were 
either  prepared  for  analysis  of  cell  cycle  distribution  or  lysed  for  Western  blot  analysis  of  Rad6 
protein  levels.  As  shown  in  Fig.  lA,  a  significant  increase  in  steady-state  levels  of  Rad6  was  first 
detected  at  16  h  and  attained  maximal  levels  by  24  h.  Comparison  of  Rad6  protein  steady-state  levels 
with  cell  cycle  distribution  profile  showed  that  peak  expression  of  Rad6  occurred  either  in  S  or  G2 
phases  of  cell  cycle  (Fig.  IB).  In  order  to  verify  this  conclusion,  MCF  1  OA  cells  were  made  quiescent 
by  growing  in  serum-deficient  media  and  released  from  GO  phase  by  stimulating  them  with  complete 
medium  for  8-10  h,  followed  by  overnight  treatment  with  5  mM  5-hydroxyurea,  a  Gl/S  blocking 
drug,  in  complete  medium.  Cells  were  washed  to  remove  5-hydroxyurea  and  further  incubated  in 
drug-free  complete  medium.  Cells  were  harvested  at  various  times  for  the  analysis  of  cell  cycle 
progression  and  Rad6  protein  expression  by  flow  cytometry  and  Western  blot  analysis,  respectively. 
As  shown  in  Fig.  1 C  and  D,  Rad6  expression  is  low  during  the  quiescent  phase  when  >95%  of  cells 
are  in  GO/Gl  phases.  Stimulation  of  cells  with  complete  medium  resulted  in  a  slight  increase  in  Rad6 
levels.  However,  negligible  increase  in  Rad6  levels  is  observed  in  cells  arrested  in  Gl/S  phase  by 
hydroxyurea  treatment.  Release  from  Gl/S  block  by  removing  hydroxyurea  and  allowing  cells  to 
progress  through  cell  cycle  caused  gradual  but  discernible  increase  in  Rad6  protein  levels  that 
reached  maximal  levels  only  during  late  S/G2  phases  of  cell  cycle  (Fig.  1C  and  D).  These  data  are 
consistent  with  those  reported  in  S.  cerevisiae,  as  yeast  lacking  Rad6  display  defects  in  transit 
through  the  S/G2  phase  of  the  cell  cycle  (Ellison  et  al,  1991)  and  suggest  that  Rad6  protein 
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expression  profiles  in  human  breast  cells  are  consistent  with  its  role  as  a  postreplication  repair 
protein. 

Regulation  of  Rad6B  mRNA  expression  by  adriamycin.  Semi-quantitative  RT-PCR  was  performed 
to  assess  the  effects  of  ADR,  a  potent  anthracycline  topoisomerase  II  inhibitor  and  one  of  the  most 
widely  used  chemotherapeutic  drugs,  on  Rad6B  mRNA  expression  in  normal  MCFIOA  cells.  Cells 
were  treated  with  0. 1  pg/ml  ADR  for  1  h,  rinsed  and  allowed  to  undergo  recovery  for  various  periods 
of  time  in  drug-free  media.  After  normalizing  for  GAPDH  expression,  a  2-fold  increase  in  Rad6B 
cDNA  products  relative  to  untreated  controls  was  observed  as  early  as  2  h  following  ADR  treatment, 
and  levels  increased  to  approximately  6-fold  by  48  h  post-ADR  treatment  (Fig.  2A).  The  ADR- 
induced  profile  of  Rad6B  mRNA  transcription  closely  mirrored  Rad6  protein  expression  observed 
in  corresponding  MCFIOA  cell  lysates  (Fig.  2B). 

To  determine  whether  the  induction  of  Rad6B  mRNA  levels  observed  in  ADR-treated 
MCFIOA  cells  reflected  enhanced  transcription  and/or  increased  stability  of  Rad6B  transcripts, 
actinomycin  D  was  added  to  prevent  any  new  gene  transcription.  MCFIOA  cells  were  treated  with 
ADR  for  1  h  followed  by  replacement  with  drug-free  medixmi.  Cells  were  allowed  to  recover  for  4 
h  at  which  time  both  control  and  ADR-treated  cells  were  incubated  with  actinomycin  D,  and  Rad6B 
mRNA  levels  were  monitored  over  the  following  8  h  period  by  the  slot  blot  method  using  a  Rad6B- 
specific  cDNA  probe.  As  shown  in  Fig.  3  A,  a  linear  increase  in  Rad6B  transcription  was  observed 
in  ADR-treated  samples  when  compared  to  the  corresponding  untreated  samples.  Addition  of  the 
RNA  pol  II  inhibitor  actinomycin  D  abolished  both  basal  and  ADR-induced  Rad6  transcription  at 
similar  rates  (Figs.  3B  and  3C).  These  data  suggest  that  the  higher  levels  of  Rad6B  transcripts 
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achieved  by  exposure  to  ADR  arose  primarily  from  enhanced  transcription  and  not  from  effects  on 
Rad6  mRNA  stability.  As  the  ti/j  of  Rad6B  mRNA  is  ~  70  min  in  both  control  and  ADR-treated  cells, 
these  data  suggest  that  continual  transcription  of  the  Rad6B  gene  may  be  required  for  maintenance 
of  adequate  levels  of  Rad6B  and  that  once  transcribed  the  mRNA  is  rapidly  translated. 

Posttranscriptional  regulation  of Rad6B  by  ADR.  In  order  to  determine  if  ADR  influences  translation 
and/or  stability  of  the  translated  Rad6  protein,  control  and  ADR-treated  MCF 1 0  A  cells  were  prepared 
as  described  above,  and  treated  with  actinomycin  D  or  cycloheximide  to  inhibit  de  novo  gene 
expression  or  protein  synthesis,  respectively.  Levels  of  Rad6  protein  were  analyzed  by  Western  blot 
analysis  in  cells  harvested  at  0, 2, 12  or  24  h  following  actinomycin  D  or  cycloheximide  treatment. 
As  shown  in  Fig.  4A  and  B,  Rad6  protein  levels  were  slightly  enhanced  in  control  cells  exposed  to 
actinomycin  D  as  compared  to  the  corresponding  imtreated  samples.  In  contrast,  addition  of 
actinomycin  D  to  ADR-treated  cells  caused  -60%  decrease  in  Rad6  protein  levels  when  compared 
to  the  corresponding  ADR-treated  samples.  It  is  not  clear  at  present  if  the  differences  in  actinomycin 
D  effects  observed  in  control  and  ADR  treated  cells  reflect  real  differences  in  regulation  of  Rad6 
protein  synthesis  during  normal  cell  cycle  versus  that  following  DNA  damage.  Inclusion  of 
cycloheximide  dramatically  reduced  Rad6  protein  levels  in  both  control  and  ADR-treated  cells. 
These  data  suggest  that  ADR  enhances  Rad6B  expression  levels  primarily  at  the  transcriptional 
levels,  as  inclusion  of  actinomycin  D  caused  similar  decreases  in  steady-state  levels  of  ADR-induced 
Rad6  protein  as  those  caused  by  cycloheximide. 

The  specificity  of  these  data  was  tested  by  measuring  p53  protein  levels  in  the  stripped  blots 
(Fig.  4C  and  D).  Analysis  of  p53  steady-state  levels  showed  ~  3-fold  increase  in  p53  levels  in  ADR 
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treated  samples  as  compared  to  untreated  control  samples  (Fig.  4C  and  D).  However,  whereas 
addition  of  actinomycin  D  caused  a  dramatic  (>60%)  decrease  in  ADR-induced  Rad6  protein  levels 
(Fig.  4  A  and  B),  similar  addition  of  actinomycin  D  did  not  influence  p53  steady-state  levels  in 
control  or  ADR-treated  samples  (Fig.  4  C  and  D).  Addition  of  cycloheximide  caused  a  dramatic 
reduction  in  p53  steady-state  levels  in  control  samples  and  only  a  modest  decrease  in  ADR-treated 
samples  (Fig.  4  C  and  D).  These  data  are  in  agreement  with  previous  reports  and  confirm  that  the 
ADR-stimulated  increase  in  p53  protein  levels  reflects  posttranslational  stabilization  rather  than 
regulation  at  the  transcriptional  level  (Kim  et  al,  2002). 

Constitutive  Rad6B  overexpression  induces  resistance  to  DNA  damaging  agents.  Since  error-free 
lesion  bypass  has  been  suggested  to  account  for  most  of  Rad6-dependent  resistance  to  DNA 
damaging  agents,  we  examined  the  relative  sensitivities  to  cisplatin  (a  chemotherapeutic  drug  that 
induces  DNA  damage  by  formation  of  intra-  and  inter-strand  cross-links)  and  ADR  of  MCF 1 OA  cells 
stably  transfected  with  Rad6B  (clones  2  and  5),  antisense  Rad6B  (AS2)  or  empty  vector.  MCFIOA- 
Rad6B  clone  2  and  MCF10A-AS2  cells  express  similar  or  ~  10-fold  lower  levels,  respectively,  of 
Rad6  as  compared  to  the  parental  cells,  and  MCF10A-Rad6B  clone  5  cells  express  ~  20  or  40-fold 
higher  levels  of  Rad6  as  compared  to  vector-transfected  or  MCF10A-AS2  cells,  respectively  (Fig. 
5 A).  As  shown  in  Fig.  5B,  MCF10A-Rad6B-overexpressing  clone  5  displayed  highest  resistance  to 
cisplatin  (IC50  >  1  pg/ml)  when  compared  to  empty  vector-transfected  MCF  1  OA  or  MCF  1 0A-Rad6B 
clone  2  (IC50  <  0.1  pg/ml),  and  MCF10A-AS2  cells  (IC50  <0.05  pg/ml). 

It  is  interesting  to  note  that  Rad6B-overexpressing  clone  5  cells  also  exhibited  highest 
resistance  to  ADR  in  that  doses  equivalent  to  ~  0.75  pg/ml  were  required  to  cause  50%  inhibition 
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of  cell  viability  as  compared  to  0. 1  pg/ml  for  MCF 1 0  A-Rad6  clone  2  or  vector-transfected  MCF 1 0  A 
cells,  or  0.05  pg/ml  for  MCF10A-AS2  cells  (Fig.  5C).  Analysis  of  other  clones  showing  similar 
levels  of  ectopic  Rad6B  expression  as  clone  5  cells  (eg.,  clone  1)  exhibited  similar  magnitudes  of 
drug  resistance  as  clone  5  cells  (data  not  shown).  Similarly,  other  MCFIOA  clones  derived  from 
antisense  Rad6B  transfection  experiments  displayed  increased  sensitivities  to  cisplatin  and  ADR 
(data  not  shown).  These  data  reveal  a  correlation  between  Rad6B  expression  levels  and  relative 
sensitivities  to  cisplatin  and  ADR. 

In  order  to  determine  if  the  differences  in  drug  sensitivities  reflected  from  alterations  in  cell 
proliferation  rates,  we  monitored  the  growth  rates  of  MCFIOA-Neo,  MCF10A-Rad6B  clone  5, 
MCF10A-Rad6B  clone  2  and  MCF10A-AS2  cells.  Although  Rad6  transfectants  displayed  lower 
plating  efficiencies  as  compared  to  vector  controls,  no  differences  in  proliferation  rates  were 
observed  as  all  three  cell  lines  exhibited  a  doubling  time  of  20-23  h  (Fig.  5D). 

Treatment  with  DNA  damaging  drug  induces  recruitment  and/or  redistribution  of  Rad6  on  the 
chromatin.  Presence  of  Rad6  on  the  chromatin  was  determined  by  formaldehyde  fixation  which 
allows  formation  of  in  vivo  cross-links  between  proteins  or  between  protein  and  DNA.  (Solomon  and 
Varshavsky,  1 985).  Control  and  ADR-treated  MCF  1 OA  cells  were  fixed  with  formaldehyde,  and  the 
sheared  cross-linked  chromatin  subjected  to  isopycnic  centrifugation  on  CsCl.  As  shown  in  Fig.6, 
phosphohistone  H3,  a  marker  that  is  positively  associated  with  chromatin,  was  found  to  be 
exclusively  associated  with  DNA  in  nuclear  preparations  of  both  control  and  ADR-treated  MCF  1 0  A 
cells.  Similarly,  the  majority  of  p53  and  PCNA  were  found  to  be  associated  with  DNA  (fractions  with 
higher  density)  in  control  MCFIOA  cells.  In  contrast,  only  a  small  proportion  of  Rad6  was  found 
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to  be  associated  with  chromatin  in  control  MCF 1 OA  cells,  as  the  majority  of  Rad6  was  present  in  the 
upper  fractions,  i.e.,  fractions  with  lower  density.  These  data  suggest  that  although  Rad6  is  present 
in  the  nucleus,  only  a  small  amount  of  it  is  physically  associated  with  DNA  in  untreated  MCFIOA 
cells.  However,  following  ADR  treatment,  a  significant  increase  in  Rad6  that  is  positively  associated 
with  chromatin  was  observed,  and  Rad6,  PCNA,  Radi  8  and  p53  were  all  found  to  colocalize  with 
DNA  as  well  as  with  phosphohistone  H3  (Fig.  6).  Treatment  with  ADR  resulted  in  enhancement  in 
the  levels  of  p53  associated  with  the  chromatin.  This  is  consistent  with  ADR-induced 
posttranslational  stabilization  of  p53  (Shieh  et  al,  1997)  as  evidenced  by  presence  of  a  p53- 
immunoreactive  doublet  band  (Fig.  6).  No  carboxypeptidase-immunoreactive  bands  were  observed 
in  the  fractions,  indicating  the  absence  of  contaminating  cytoplasmic  proteins  in  the  nuclear  fractions 
(data  not  shown).  Exposure  of  MCFIOA  cells  to  cisplatin  induced  similar  redistribution  of  Rad6  to 
the  chromatin  (data  not  shown).  These  findings  suggest  that  although  Rad6  protein  is  present  in  the 
nucleus,  its  recruitment  to  the  chromatin  appears  to  be  modulated  by  DNA  damage. 

Post  replication  DNA  Repair  (PRR).  DNA  damage  induced  lesions  are  manifested  as  single  strand 
DNA  breaks  that  can  be  seen  by  separation  of  genomic  DNA  in  an  alkaline  sucrose  gradient 
(Lehman,  1972;  Lehman  et  al,  1975).  After  a  short  incubation,  the  fragmented  genomic  DNA  is 
converted  into  large  molecular  weight  species,  similar  to  DNA  of  untreated  controls.  This  restoration 
process  is  defined  as  postreplication  repair.  In  order  to  determine  the  role  of  Rad6  in  normal  human 
breast  epithelial  cells,  we  measured  PRR  capacity  in  MCFIOA-Neo,  MCF10A-Rad6B  clone  5  and 
MCF  1 0A-AS2  cells  by  the  sedimentation  velocity  method.  Figure  7  shows  the  results  of  a  pulse  and 
pulse-chase  experiment  with  cells  that  were  untreated  or  treated  with  cisplatin.  Labeling  times  were 
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adjusted  so  that  approximately  equal  amoimts  of  DNA  were  labeled  in  untreated  and  cisplatin-treated 
cells.  As  shown  in  Fig.  7,  striking  differences  in  sedimentation  profiles  were  observed  between 
control  MCFIOA-Neo,  MCF10A-Rad6B  clone  5  and  MCF10A-AS2  cells;  however,  the 
sedimentation  profiles  of  pulse-labeled  control  MCFIOA-Neo,  MCF10A-Rad6B  clone  5  and 
MCF 1 0A-AS2  cells  (Fig.  7A)  are  superimposable  on  their  corresponding  pulse-chased  profiles  (Fig. 
7A’).  The  majority  of  DNA  in  control  vector-transfected  MCFIOA-Neo  and  MCF10A-Rad6B  clone 
5  cells  sedimented  between  48  kb  and  20  kb  whereas  DNA  from  control  MCF  1 0 A- AS2  cells  peaked 
close  to  the  20  kb  marker.  Examination  of  size  of  newly  synthesized  DNA  in  cisplatin-treated  cells 
after  a  45  min  pulse  with  ^H-thymidine  showed  similar  sedimentation  profiles  in  vector-transfected 
and  Rad6B-transfected  MCF  1 0 A  cells,  peaking  near  20  kb,  whereas  DNA  from  MCF  1 0A-AS2  cells 
was  foimd  near  the  top  of  the  gradient  near  5  kb.  After  a  90  min  chase,  DNAs  from  vector-transfected 
and  Rad6B-transfected  MCF  1 0  A  cells  were  found  to  migrate  between  48  and  20  kb  markers  whereas 
DNA  from  MCF10A-AS2  cells  was  observed  as  a  broad  band  between  20  and  5  kb  markers  with  a 
significant  proportion  of  DNA  close  to  the  5  kb  marker  (Fig.  7  B  and  B’).  Profiles  similar  to  those 
in  Fig.  7  are  highly  reproducible  and  were  obtained  from  three  separate  experiments.  These  data 
show  that  following  exposure  to  cisplatin,  MCF  1 0A-AS2  cells,  compared  to  controls,  have  decreased 
ability  to  convert  the  newly  synthesized  DNA  to  higher  molecular  weight  species,  a  property 
indicative  of  poor  DNA  damage  tolerance  or  impaired  PRR  capacity.  These  data  are  consistent  with 
the  data  from  Fig.  5B  that  show  hypersensitivity  of  MCF10A-AS2  cells  to  cisplatin-induced 
cytotoxicity.  The  results  of  Fig.  7  also  indicate  that  MCF10A-Rad6B  clone  5  cells  possess  a 
moderately  better  capacity  than  parental  MCFIOA  cells  to  convert  the  newly  synthesized  DNA 
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following  cisplatin  treatment  to  higher  molecular  weight  species,  and  may  explain  the  inherent 
resistance  of  Rad6B  overexpressing  cells  to  cisplatin-induced  cytoxicity  (Fig.  5B). 

Discussion 

Of  the  three  major  DNA  damage  repair  pathways,  the  Rad6  pathway  is  the  most  complicated  and 
least  characterized  (Friedberg  et  al,  1995).  However,  unlike  Rad3  nucleotide  excision  repair 
pathway  yeast  mutants,  which  are  extremely  sensitive  to  UV  but  less  to  MMS  and  ionizing  radiation, 
and  Rad52  recombination  repair  pathway  mutants  that  are  extremely  sensitive  to  MMS  and  ionizing 
radiation  but  less  sensitive  to  UV,  Rad6  pathway  mutants  are  sensitive  to  a  broad  range  of  DNA 
damaging  agents,  suggesting  a  sh^ed  feature  that  inhibits  DNA  synthesis.  Genetic  analysis  in  yeast 
has  indicated  the  importance  of  lesion-bypass  in  response  to  DNA  damage.  The  present  study 
characterizes  the  regulation  and  consequence  of  overexpression  or  lack  of  HHR6B,  the  human 
homolog  of  the  yeast  Rad6  protein,  on  cell  proliferation,  sensitivity  to  commonly  used 
chemotherapeutic  drugs  and  PRR  capacity  of  normal  human  breast  cells. 

In  contrast  to  the  report  by  Koken  et  al  (1996)  that  both  mRNA  and  protein  levels  of  Rad6A 
and  B  remain  unchanged  throughout  the  cell  cycle  in  HeLa  cells,  our  data  show  a  cell  cycle 
periodicity  in  Rad6  protein  levels  in  normal  MCFIOA  human  breast  epithelial  cells,  with  maximal 
expression  in  late  S/G2  phase.  These  results  are  consistent  with  Rad6  function  as  a  postreplication 
repair  protein  and  coincides  with  the  cell  cycle  period  at  which  yeast  defective  fox  rad6  are  arrested 
(Kupiec  and  Simchen,  1984;  Ellison  et  al,  1991).  Treatment  of  MCFIOA  cells  with  ADR  causes 
G2/M  arrest  and  increases  in  Rad6B  mRNA  and  protein  levels  (Lyakhovich  and  Shekhar,  2003).  Our 
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present  data  show  that  ADR-mediated  increase  in  Rad6B  gene  expression  occurs  primarily  via 
mechanisms  involving  transcriptional  regulation  rather  than  posttranscriptional  control  of  Rad6B 
mRNA  and  protein  stability.  Rad6B  mRNA  in  MCFIOA  cells  has  a  short  half-life,  approximately 
70  min,  that  is  not  altered  by  ADR  treatment.  These  data  suggest  that  ADR-induced  increase  in 
Rad6B  mRNA  and  protein  levels  is  dependent  upon  sustained  transcription  and  efficient  translation. 

Our  data  from  in  vivo  cross-linking  experiments  further  demonstrate  that  the  preferential 
nuclear  localization  of  Rad6  protein  observed  in  ADR-treated  MCFIOA  cells  (Lyakhovich  and 
Shekhar,  2003)  is  indeed  associated  with  an  increase  and/or  redistribution  of  Rad6,  Radi  8,  p53  and 
PCNA  proteins  to  the  DNA.  Although  these  data  do  not  confirm,  they  do  suggest  that  damage  may 
enable  or  promote  assembly  of  these  proteins,  perhaps  as  complexes,  at  the  sites  of  DNA  damage. 
Rad  1 8-Rad6A  and  Rad  1 8-Rad6B  complexes  have  been  implicated  in  both  error-free  and  error-prone 
lesion  bypass  (Xin  et  al,  2000;  Cejka  et  al,  2001).  Similarly,  we  have  demonstrated  the  formation 
of  supramolecular  complexes  between  Rad6  and  proteins  of  the  p53  pathway  in  response  to  DNA 
damage  and  have  shown  that  the  stability  of  these  complexes  appears  to  correlate  with  the  length  of 
damage-induced  G2/M  arrest  in  so  far  as  metastatic  MDA-MB-23 1  human  breast  cancer  cells  display 
short-lived  Rad6-p53  complexes  and  transient  G2/M  arrest  whereas  normal  MCFIOA  cells  display 
stable  Rad6-p53  complexes  and  prolonged  G2/M  arrest  (Lyakhovich  and  Shekhar,  2003). 

rods  null  mutants  of  yeast  exhibit  extreme  sensitivity  to  various  DNA  damaging  agents, 
enhanced  spontaneous  and  impaired  mutagenesis,  lower  growth  rate,  and  decreased  viability  under 
stress  conditions  (Lawrence,  1994).  MCFIOA  cells  with  compromised  Rad6B  function  display  a 
phenotype  reminiscent  of  the  corresponding  yeast  mutant  in  terms  of  drug  sensitivity  (Gibbs  et  al 
1998;  Johnson  et  al  1999:  Masutani  et  al,  1999).  Although  no  human  diseases  have  been  linked  to 
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mutations  in  PRR  pathway  genes,  these  results  suggest  that  Rad6B  may  play  an  essential  role  in 
DNA  damage  tolerance  and  recovery.  Since  the  Rad6  human  homolog  is  encoded  by  two  genes 
Rad6A  and  B  that  share  >90%  amino  acid  sequence  identity  and  functional  redundancy,  the  severe 
drug  sensitivities  and  impaired  PRR  capacities  observed  in  MCFIOA  cells  stably  transfected  with 
the  antisense  Rad6B  construct  may  be  attributed  to  the  complete  loss  of  lesion-bypass  as  a  result  of 
neutralization  of  both  Rad6A  and  B  activities.  However,  the  effects  on  MCFIOA  cell  proliferation 
are  not  as  dramatic  as  on  yeast  rad6  mutants  (Ellison  et  al,  1991)  as  MCFIOA  cells  with 
compromised  Rad6  function  display  similar  proliferation  rates  as  parental  cells.  These  data  suggest 
that  whereas  Rad6  plays  an  essential  role  in  growth  and  proliferation  of  rapidly  dividing  organisms 
such  as  yeast,  it  is  not  essential  for  MCFIOA  cell  proliferation  but  assumes  an  important  role  upon 
DNA  damage.  In  this  regard,  it  is  interesting  to  note  that  MCF 1 OA  cells  engineered  to  constitutively 
overexpress  Rad6B  exhibit  resistance  to  cisplatin  and  ADR  and  are  PRR  proficient.  Since  Rad6  is 
required  for  both  error-free  and  error-prone  modes  of  PRR  as  shown  by  its  epistatic  relationship  with 
Radis,  Rad5,  Rad30,  Rev3  and  Rev7  (Xiao  et  al,  2000),  it  is  conceivable  that  much  of  the  repair 
activity  in  Rad6B-overexpressing  MCFIOA  cells  is  error-prone.  This  is  consistent  with  their 
transformed  behavior  as  evidenced  by  abnormal  mitosis,  multinucleation,  aneuploidy  and  ability  for 
anchorage  independent  growth  (Shekhar  et  al,  2002). 

In  summary,  we  have  shown  that  Rad6  is  not  essential  for  normal  human  breast  cell 
proliferation  and  growth,  but  that  it  plays  a  vital  role  following  DNA  damage  via  modulation  of 
postreplication  repair  and  hence  sensitivity/resistance  to  chemotherapeutic  drugs.  Since  Rad6 
overexpression  is  detected  in  human  breast  tumors  and  constitutive  overexpression  of  exogenous 
Rad6B  induces  aneuploidy  and  transformation,  understanding  mechanisms  regulating  Rad6-mediated 
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DNA  damage  tolerance  pathway  will  shed  light  on  cancer  development  and  response  to 
chemotherapy. 

Materials  and  methods 

Cell  culture. 

Culture  conditions  for  cell  lines  used  in  this  study  have  been  described  before  (Shekhar  er  al,  2002). 
MCFIOA  is  a  human  breast  epithelial  cell  line  that  arose  by  spontaneous  immortalization  from  cell 
cultures  established  from  the  subcutaneous  mastectomy  of  a  woman  with  fibrocystic  disease. 
MCFIOA  cells  are  pseudodiploid,  lack  tumorigenicity  in  nude  mice  and  are  unable  to  support 
anchorage  independent  growth  (Soule  et  al,  1990).  Briefly,  MCFIOA  cells  were  maintained  in 
DMEM/F-12  medium  supplemented  with  5%  horse  serum,  0.02  pg/ml  EOF,  0.5  pg/ml 
hydrocortisone,  10  pg/ml  insulin,  0.1  pg/ml  cholera  toxin,  100  imits/ml  penicillin  and  100  pg/ml 
streptomycin.  Cell  lines  derived  from  MCFIOA  stable  transfections  with  wild  type  human  Rad6B 
in  sense  direction  (MCF10A-Rad6  clones  2  and  5),  antisense  direction  (MCFlOA-a/s  Rad6B,  AS2), 
or  corresponding  vector  (MCF 1  OA-neo)  were  cultured  in  the  same  medium  except  it  also  contained 
500  pg/ml  of  G418  (Life  Technologies;  Shekhar  et  al,  2002). 

Western  blot  analysis. 

Cell  lysates  were  prepared  as  previously  described  in  10  mM  Tris-HCl,  pH  7.5/150  mM  NaCl/1% 
Triton  X- 100/1  mM  phenyl  methylsulfonyl  fluoride,  1  pg/ml  each  of  leupeptin,  pepstatin,  antipain 
and  1  mM  sodium  orthovanadate,  and  proteins  (50  pg)  from  each  lysate  separated  by  SDS-PAGE 
and  transblotted  onto  Immobilon  P  membranes.  The  blots  were  stained  with  anti-Rad6  antibody. 
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Loading  of  protein  was  monitored  by  reprobing  stripped  membranes  with  mouse  anti-P  actin 
antibody  (Oncogene  Science).  Rad6  and  P-actin  protein  bands  were  visualized  with  anti-rabbit  or 
anti-mouse  IgG  coupled  to  horseradish  peroxidase,  respectively,  using  ECL  kit  (Amersham, 
Arlington  Heights,  Illinois).  The  Rad6  antibody  was  generated  by  multiple  immunization  of  New 
Zealand  white  rabbits  with  a  synthetic  peptide  (K  plus  amino  acid  residues  131-152;  Accession  # 
NM_009458)  that  is  conserved  100%  in  mouse  and  human  HR6B,  and  91%  in  human  HR6A 
(Shekhar  et  al,  2002). 

Analysis  of Rad6  expression  during  cell  cycle.  MCFIOA  cells  were  synchronized  by  serum  starvation 
for  72  h  followed  by  release  into  complete  growth  medium.  Cells  were  lysed  at  0, 8, 16, 24, 32, 48 
and  72  h  following  release  and  analyzed  for  Rad6  protein  levels  by  Western  blot  analysis.  Aliquots 
of  cells  harvested  at  the  corresponding  times  were  also  analyzed  for  cell  cycle  progression  by  flow 
cytometry.  In  order  to  confirm  Rad6  protein  expression  at  specific  phase  of  cell  cycle,  quiescent 
MCFIOA  cells  were  released  from  GO  phase  by  stimulating  them  with  complete  medium  for  8-10  h, 
followed  by  overnight  treatment  with  5  mM  5-hydroxyurea  (a  Gl/S  blocking  drug)  in  complete 
medium.  Cells  were  washed  to  remove  hydroxyurea  and  further  incubated  in  drug-free  complete 
medium.  Cells  were  harvested  during  quiescent  phase,  following  treatment  with  hydroxyurea  and 
at  various  times  after  release  from  hydroxyurea  for  the  analysis  of  cell  cycle  progression  and  Rad6 
protein  expression  by  flow  cytometry  and  Western  blot  analysis,  respectively. 

Flow  cytometry. 
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MCFIOA  cells  (quiescent,  5 -hydroxyurea-treated  or  post-release  from  5-hydroxyurea)  were 
trypsinized  into  single  cell  suspension,  fixed  in  ice-cold  70%  ethanol  and  stored  at4°C  until  required. 
Before  analysis,  cells  were  resuspended  in  100  |xg/ml  RNase  A  (Promega  Corp.,  Madison,  WI),  40 
pg/ml  propidium  iodide  and  sodium  phosphate  buffered  saline.  Analysis  was  performed  on  a  Becton 
Dickinson  fluorescence  activated  cell  sorter  (FACScan). 

RT-PCR. 

Rad6B  mRNA  expression  was  measured  by  semi-quantitative  RT-PCR.  MCFIOA  cells  were  either 
untreated  or  treated  with  0.1  pg/ml  ADR  for  1  h,  cells  rinsed  and  replaced  with  drug-free  media.  At 
various  times  of  recovery  following  ADR  treatment,  total  RNA  was  isolated  and  treated  with  RNase- 
free  DNase  I.  Two  pg  of  DNase  I-treated  total  RNA  was  reverse  transcribed  with  SuperScriptll  and 
2  pi  aliquot  was  used  for  PCR  amplification  of  Rad6B  cDNA.  The  PCR  reactions  contained  Rad6B- 
primers  +1 8/+38  and  +420/-I-399  (Accession  #  M74525)  as  forward  and  reverse  primers,  respectively, 
and  conditions  that  yielded  a  detectable  PCR  product  using  the  minimum  number  of  amplification 
cycles.  Amplification  of  GAPDH  cDNA  was  included  as  an  internal  control  for  the  amount  of  cDNA 
tested.  The  GAPDH-specific  primers  were  +186/+206  and  +320/+302  (Accession  #  XM_006959) 
as  forward  and  reverse  primers,  respectively.  PCR  was  conducted  for  22  cycles  as  it  yielded  products 
within  the  linear  range  of  amplification  of  Rad6B  cDNA.  The  PCR  products  were  separated  on 
agarose  gels  and  ethidium  bromide  stained  bands  analyzed  by  densitometry  (Model  300A 
densitometer.  Molecular  Dynamics,  Sunnyvale,  CA).  The  authenticity  of  the  amplified  sequences 
was  verified  by  nested  PCR  using  Rad6B  specific  primers  and  sequence  analysis. 
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Measurement  of  mRNA  decay. 

MCFIOA  cells  were  treated  with  0.1  fig/ml  ADR  for  1  h,  cells  rinsed  and  allowed  to  recover  for  4 
h  at  which  time  both  control  and  ADR-treated  cells  were  incubated  with  transcriptional  inhibitor 
actinomycin  D  (5  pg/ml).  Total  RNA  was  extracted,  DNase  I-treated,  and  Rad6B  mRNA  levels  were 
monitored  at  various  times  by  slot  blot  method.  Filters  were  hybridized  overnight  with  a  random- 
primed  ^^P-labeled  Rad6B-specific  cDNA  probe  in  buffer  containing  6  X  SSC,  50%  formamide  and 
0.5%  SDS.  Filters  were  washed  with  1  X  SSC  and  subjected  to  autoradiography.  Rad6B  specific 
cDNA  was  amplified  from  DNAse  I-treated  MCFIOA  RNA  using  +18/+38  and  +420/+399  as 
forward  and  reverse  primers,  respectively  (Accession  #  M74525).  The  intensities  of  Rad6B- 
hybridizing  bands  from  parallel  experiments  performed  in  the  presence  and  absence  of  actinomycin 
D  were  quantitated  by  densitometry  (Molecular  Dynamics). 

Measurement  of  protein  stability. 

Control  and  ADR-treated  MCFIOA  cells  were  prepared  as  described  above,  and  treated  with 
actinomycin  D  (5  pg/ml)  or  cycloheximide  (10  pg/ml)  to  inhibit  new  gene  expression  or  protein 
synthesis,  respectively.  Levels  of  Rad6  protein  were  detected  by  Western  blot  analysis  from  cell 
lysates  prepared  at  0, 2, 12  or  24  h  following  actinomycin  D  or  cycloheximide  treatment.  Blots  were 
stripped  and  reprobed  with  p5 3  CM-1  polyclonal  antibody  (Novocastra  Laboratories  Ltd.,  Newcastle 
upon  Tyne,  United  Kingdom)  to  validate  the  efficacy  of  actinomycin  D  and  cycloheximide 
treatments. 

Amounts  of  Rad6  (HR6A/HR6B)  and  p53  protein(s)  were  quantitated  with  a  scaimer  densitometer 
(Molecular  Dynamics). 
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In  vivo  cross-linking. 

Control  and  ADR-treated  MCFIOA  cells  prepared  as  described  above  were  fixed  with  1% 
formaldehyde  for  30  min  at  37°C,  and  fixing  stopped  by  addition  of  0.1 25M  glycine  (Solomon  and 
Varshavsky,  1985).  Cells  were  washed,  pelleted  and  lysed  with  buffer  containing  0.5%  NP-40. 
Nuclei  were  sedimented  and  nuclei  lysed  with  buffer  containing  0.25%  Triton  X-100  and  1  mM 
EGTA.  The  cross-linked  chromatin  was  sheared  by  sonication,  adjusted  to  0.5%  sarkosyl,  and 
centrifuged  at  7000  x  g.  Supernatants  were  overlaid  onto  5  ml  of  1.42  g/cm^  CsCl  in  the  same 
sarkosyl  buffer  and  subjected  to  isopycnic  ultracentrifugation  at  40,000  rpm  for  72  h  at  15°C. 
Fractions  of  0.5  ml  were  collected  fi’om  the  bottom  of  the  tube,  concentrated  using  Centricon  filters, 
and  CsCl  was  eliminated  by  consecutive  dilution  with  10  mM  Tris-HCl,  pH  7.5.  Presence  of  DNA 
in  the  nuclear  fractions  was  determined  by  agarose  gel  electrophoresis  and  ethidium  bromide 
staining.  The  presence  of  Rad6,  p53,  Radi 8,  PCNA  and  phosphohistone  H3  (a  DNA  marker)  in 
finctions  were  determined  by  SDS-PAGE  and  Western  blot  analysis  using  antibodies  specific  for 
Rad6  (1),  p53  (pAb42 1 ,  Oncogene  Science),  human  Radi  8  (Imgenex,  San  Diego,  CA),  PCNA  (Dako 
Corp.)  and  phosphohistone  H3  (Upstate  Biochemicals).  Blots  were  also  probed  with  anti- 
carboxypeptidase  A  antibody  (Sigma-Aldrich  Company,  St.  Louis,  MO),  a  cytoplasmic  protein  to 
verify  absence  of  contaminating  cytoplasmic  proteins  in  nuclear  extracts. 

Cytotoxicity  assays. 

The  sensitivities  of  MCFIOA  cells  stably-transfected  with  control  vector  (pCMV-neo),  vector 
containing  the  full  length  Rad6B  cDNA  (pCMV-neo-Rad6),  or  vector  containing  antisense  Rad6B 
cDNA  (AS2),  to  commonly  used  chemotherapeutic  drugs  cisplatin  or  ADR  were  tested.  MCFIOA- 
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Rad6  clones  2  and  5  express  similar  or  ~  20-fold  higher  levels  of  Rad6  protein,  respectively,  as 
compared  to  the  parental  vector  transfected  MCFIOA  cells.  10  x  10^  cells  were  plated  in  24-well 
tissue  culture  dishes  in  DMEM/F12  medium  as  discussed  above,  and  were  treated  on  the  following 
day  with  varying  doses  of  ADR  (0.01  -  2  pg/ml)  or  cisplatin  (0.05  -  10  pg/ml)  for  3  or  5  days, 
respectively.  At  the  end  of  treatment  period,  the  number  of  viable  cells  were  determined  by  trypan 
blue  exclusion  in  a  hemocytometer. 

Assessment  of  newly  synthesized  DNA  (postreplication  DNA  repair  assay,  PRR). 

PRR  capacity  was  measured  in  vector-transfected  MCF 1 OA,  MCF 1 0A-Rad6  cloneS,  and  MCF 1 OA- 
AS2  cells  by  the  sedimentation  velocity  method.  Actively  growing  cells,  control  or  cisplatin-treated 
(0.5  pg/ml,  30  min)  were  rinsed,  allowed  to  recover  for  6  h,  and  pulse-labeled  with  200  pCi^H- 
thymidine  (10  Ci/mmol,  Perkin  Elmer)  for  45  min.  In  pulse-chase  experiments,  the  pulse-labeled 
cells  were  further  incubated  for  90  min  in  fresh  medium  containing  1 0  pM  thymidine.  The  cells  were 
lysed,  lysates  irradiated  with  20  Gy  of  X-rays  on  ice,  cell  suspension  layered  on  top  of  5-20% 
alkaline  sucrose  density  gradients  and  centrifuged  at  50,000  rpm  for  2  h.  Fractions  were  collected 
from  the  bottom,  and  amounts  of  TCA-precipitable  radioactivity  determined.  Effects  of  Rad6  levels 
on  PRR  capacity  were  determined  by  comparing  the  sedimentation  profiles  of  replicated  DNA  in 
pulse-labeled  versus  pulse-chased  samples  from  corresponding  control  and  cisplatin-treated 
MCFIOA  cells.  Labeling  times  were  adjusted  so  that  approximately  equal  amounts  of  DNA  are 
labeled  in  control  and  treated  cells  in  order  to  eliminate  or  minimize  labeling  artifacts. 
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Statistical  Analysis.  Specific  differences  in  sensitivities  to  cisplatin  or  adriamycin  between 
MCFIOA-Neo,  MCF10A-AS2,  MCF10A-Rad6B  clone  2,  and  MCF10A-Rad6B  clone  5  cells  were 
examined  by  Student’s  t  test  with  P<0.01  considered  as  statistically  significant. 
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Fig.l.  Rad6  protein  is  maximally  expressed  in  late  S/G2  phase  of  cell  cycle.  MCFIOA  cells  were 
made  quiescent  by  serum  starvation  and  released  by  stimulation  with  complete  medium.  A  and  B, 
Cells  were  harvested  at  various  periods  of  release  and  analyzed  for  steady-state  levels  of  Rad6 
protein  (A)  and  cell  cycle  progression  (B).  C  and  D,  Quiescent  cells  (Q)  were  released  by  stimulation 
with  complete  medium  for  8  h  (Q.8h),  and  then  treated  with  5-hydroxyurea  overnight  (HU).  Cells 
were  rinsed,  incubated  in  drug-free  media  and  harvested  at  4  (HU,  4h),  8  (HU,  8h)or  16h(HU,  16h) 
of  release  from  hydroxyurea  treatment  for  analysis  of  Rad6  protein  levels  by  Western  blot  analysis 
(C)  and  cell  cycle  phase  distribution  by  flow  cytometry  (D). 

Fig.  2.  Regulation  of  Rad6  mRNA  and  protein  expression  by  adriamycin  (ADR).  MCFIOA  cells 
were  treated  with  0. 1  pg/ml  of  ADR  for  1  h,  and  cells  allowed  to  recover  in  drug-free  media  for  0-72 
h.  A,  steady-state  levels  of  Rad6  protein  in  control  (C)  and  at  various  periods  of  recovery.  B,  RT- 
PCR  analysis  of  Rad6B  and  GAPDH  mRNA  expression.  ^ 

Fig.  3.  Effect  of  actinomycin  D  on  ADR-induced  Rad6B  mRNA  transcription  and  decay.  A, 
MCF 1 0  A  cells  were  either  untreated  (control)  or  treated  with  ADR  for  1  h,  rinsed  and  replaced  with 
fresh  drug-free  medium,  and  Rad6B  mRNA  levels  determined  by  slot  blot  analysis  at  0-48  h  of 
recovery.  B,  At  4  h  of  recovery  (0*)  cells  from  ADR  and  control  groups  were  treated  with 
actinomycin  D  and  Rad6B  mRNA  levels  were  measured  at  0.5  to  8  h  following  actinomycin  D 
treatment.  C,  Percent  of  Rad6B  mRNA  remaining  was  determined  by  densitometry  and  expressed 
relative  to  actinomycin  D  treated  control  (0*)  and  ADR-treated  (0*)  samples. 
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Fig.  4.  Effect  of  actinomycin  D  and  cycloheximide  on  ADR-induced  Rad6  and  p53  protein 
expression.  MCFIOA  cells  were  either  untreated  (control)  or  treated  with  ADR  for  1  h  and  allowed 
to  recover  in  drug-free  media  for  0-24  h.  Untreated  or  ADR-treated  cells  at  0  h  of  recovery  were  also 
treated  with  actinomycin  D  (5  pg/ml)  or  cycloheximide  (10  pg/ml),  and  Rad6B  (A)  protein  levels 
determined  by  Western  blot  analysis  at  indicated  time  points.  Blots  were  stripped  and  reprobed  with 
p53  CM-1  polyclonal  antibody  (C).  Levels  of  Rad6B  (B)  or  p53  (D)  protein  levels  were  determined 
by  densitometry  and  results  expressed  relative  to  those  at  0  h  in  the  respective  groups. 

Fig.  5.  Rad6B  overexpression  confers  resistance  to  cisplatin  and  ADR.  A,  Steady-state  levels  of 
Rad6  protein  in  selected  MCF 1 0  A  clones  stably  expressing  empty  vector  (MCF 1  OA-Neo),  antisense- 
Rad6B  (AS2),  or  wild  type  Rad6B  (Rad6  clones  2  and  5).  B,  Cells  were  treated  with  various  doses 
of  cisplatin  (B)  or  ADR  (C)  for  5  or  3  days,  respectively,  and  number  of  viable  cells  determined  by 
tr3^an  blue  exclusion.  D,  Proliferation  rates  of  MCF  1  OA-Neo,  AS2,  Rad6  clone  2  and  Rad6  clone 
5  cells.  10  XI 0'^  cells  were  seeded  in  24-well  plates  and  number  of  viable  cells  determined  at 
indicated  times  by  counting  trypan  blue  excluded  cells.  Results  are  expressed  as  mean  of  three 
independent  experiments;  bars,  ±  S.E.  (P<0.01). 

Fig.  6.  Adriamycin  treatment  enhances  distribution  and  localization  of  Rad6  protein  to  the 
chromatin.  MCFIOA  cells,  untreated  (control)  or  treated  with  ADR  (0.1  pg/ml,  Ih  and  allowed  to 
recover  for  6  h)  were  treated  with  formaldehyde  at  37°C  for  30  min  to  allow  for  in  vivo  cross-linking 
of  proteins  or  protein-DNA  complexes  as  described  in  Materials  and  Methods.  Nuclei  were  isolated, 
lysed,  sonicated  and  subjected  to  isopycnic  centrifugation  on  CsCl  cushions.  Fractions  were  collected 
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from  the  bottom  and  analyzed  for  DNA  by  agarose  gel  electrophoresis  or  for  the  presence  of  Rad6, 
p53,  Radis,  PCNA,  phosphohistone  H3  (a chromatin  marker)  and  carboxypeptidase  (a  cytoplasmic 
marker)  proteins  by  Western  blot  analysis.  Since  no  carboxypeptidase-immunoreactive  bands  were 
observed  in  the  fractions,  the  negative  strips  are  not  shown.  Note  the  increase  in  localization  of  Rad6 
protein  in  DNA  containing  high  density  fractions  in  ADR-treated  cells.  Also,  note  the  presence  of 
p53-immunoreactive  doublet  bands  and  co-localization  of  Rad6,  p53.  Rad  1 8,  PCNA  and  the  positive 
chromatin  marker  phosphohisone  H3  in  DNA-containing  fractions  in  ADR-treated  cells. 

Fig.  7.  Postreplication  DNA  repair  capacities  of  MCFIOA-Neo,  AS2  and  Rad6B  clone  5  cells  by 
sedimentation  velocity  method.  Actively  growing  cells,  control  or  cisplatin-treated  (0.5  pg/ml,  30 
min),  were  rinsed  and  replaced  with  fresh  drug-free  media  to  allow  recovery  for  6h.  Control  and 
cisplatin-treated  cells  were  pulsed  labeled  with  ^H-thymidine  for  45  min  or  chased  with  10-fold 
excess  of  cold  thymidine  for  90  min  following  pulse  labeling.  Cells  were  lysed,  irradiated  briefly  and 
then  subjected  to  ultracentrifugation  on  alkaline  sucrose  gradients.  Fractions  were  collected  from  the 
bottom  and  aliquots  of  fractions  subjected  to  TCA  precipitation  for  determination  of  acid 
precipitable  radioactivity.  Results  are  expressed  as  a  percent  of  total  TCA  precipitable  radioactivity 
in  the  samples  prior  to  ultracentrifugation.  A  and  B,  sedimentation  profiles  of  control  and  cisplatin- 
treated  cells,  respectively.  A’  and  B’,  sedimentation  profiles  of  control  and  cisplatin-treated  cells  that 
were  chased  with  unlabeled  thymidine  following  pulse-labeling.  Closed  arrowhead,  open  arrowhead 
and  arrow  indicate  positions  of  X  DNA,  Hind  Ill-cut  A,  DNA  and  linearized  pGL-3  Basic  Vector, 
respectively. 


29 


Fig.  2 


Control  Act.  D  CHX  ADR  ADR+Act.D  ADR+CHX 


Fig.  4 


Control  ActD  CHX  ADR  ADR+ActD  ADR+CHX 


(IUI/BtI  )  NllXndSIO 


OdlNOO  dO  lN30d3d 


cJOlXJequjnu  ||0O 


Fig.  6 


Fraction  #  Fraction  # 


